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1. Summary

Mechanical phenotyping of cells by atomic force microscopy (AFM) was pro-
posed as a novel tool in cancer cell research as cancer cells undergo massive
structural changes, comprising remodelling of the cytoskeleton and changes of
their adhesive properties. In this work, we focused on the mechanical properties
of human breast cell lines with different metastatic potential by AFM-based
microrheology experiments. Using this technique, we are not only able to quantify
the mechanical properties of living cells in the context of malignancy, but we also
obtain a descriptor, namely the loss tangent, which provides model-independent
information about the metastatic potential of the cell line. Including also other cell
lines from different organs shows that the loss tangent (G”/G’) increases gener-
ally with the metastatic potential from MCF-10A representing benign cells to
highly malignant MDA-MB-231 cells.

2. Introduction

In cancer biology, the conversion from non-tumorigenic cells into metastatic ones
is of pivotal interest, especially since formation of metastases poses the biggest
threat for humans diagnosed with cancer. During the progression from a
benign tumour to a malign neoplasm, the cells undergo many changes on the
molecular level. In cancer, not only is the cell cycle machinery out of control—
other regulatory processes like cellular adhesion and migration are also affected
[1]. This becomes obvious while looking at key steps in the formation of metasta-
sis, which includes invasion into surrounding tissue, and intra- and extravasation
into lymphatic or blood vessels. These steps involve dramatic changes in the
organization of the cellular cytoskeleton. In particular, changes in the expression
of proteins, which are associated with regulation and dynamics of the actin cytos-
keleton, play an important role in many types of cancer [2]. Therefore, it is
conceivable that, apart from structural changes, alterations of mechanical and
dynamical properties also take place during tumour progression, providing a sig-
nature of malignancy. To date, there are several studies available that report on
measurements of rigidity of cancer cells in comparison with benign cells. Most
studies find that cancer cells are significantly softer than normal cells [3]. Recently,
Agus et al. [4] published a thorough study comparing the two cell lines MCF-10A
and MDA-MB-231. MCF-10A is an immortal but non-tumorigenic human breast
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cell line, whereas MDA-MB-231 cells represent the malignant
state [4]. It was found that the metastatic MDA-MB-231 cells
were fourfold more elastic (i.e. softer) than the non-tumori-
genic MCF-10A cells. This is understandable as softer cells
would more easily penetrate tissues and the extracellular
matrix, and hence increase the invasiveness of tumour cells.
By contrast, there also exist studies that report on a stiffening
of cancer cells compared with benign cells, suggesting that
tumour progression can have diverging effects on cellular elas-
ticity [5,6]. Measurements of these mechanical changes are
frequently lumped into a single universal parameter: Young’s
modulus. The suitability of Young’s modulus to describe the
malignancy of cells is, however, a matter of debate. It is there-
fore of great interest to identify reliable mechanical descriptors
that predict faithfully the malignancy of cells. Here, rheological
approaches might provide the key data since they are inti-
mately linked to the activity of motor proteins in cells [7].
Numerous techniques have been used to quantify the mechan-
ical properties of cells, including magnetic bead twisting,
micropipette aspiration, particle tracking, optical tweezers,
microplate rheology and atomic force microscopy (AFM) [8].
Among these methods, AFM is the technique with the highest
spatial resolution and the largest force range, covering pico-
newton to micronewton by using a small tip attached to a
flexible cantilever [9]. Atomic force microscopy has widely
been used to determine elastic properties of different samples,
predominantly applying contact models such as the Hertz or
JKR model [10]. However, the occurrence of a hysteresis
between indentation and retraction curve in force—distance
measurements indicates that cells do not exhibit a purely elastic
behaviour suggesting that it would be useful to describe
the mechanical properties of cells in the context of time-
dependent rheology. To obtain information about the
frequency-dependent viscoelastic properties of samples using
the AFM, Shroff et al. [11] developed a method that uses
small-amplitude oscillations of the AFM cantilever in contact
with the cell body. They were able to determine the apparent
dynamic modulus, the ratio between applied force and
sample indentation, of single cardiomyocytes during con-
traction. Quantitative models to compute the complex shear
modulus G*, which accounts for the contact area as a function
of the indentation depth, were developed by several groups
considering either a spherical or pyramidal indenter geometry
to probe the sample [12-14]. Microrheological studies of
adherent cells carried out by a large variety of techniques
suggest that the cytoskeleton resembles the viscoelastic
nature of soft glassy materials over a wide frequency range
due to its general scaling behaviour [12]. This interpretation
implies that non-equilibrium interactions on the meso scale
expressed by the cytoskeletal lattice of living cells are central
to understand their rheological behaviour associated with fun-
damental functions of the cell originating from cytoskeletal
dynamics. Those functions comprise embryonic development,
wound healing, cell migration, metastasis and invasion [15].
With the focus on malignancy, we investigated nine
cell lines (NIH 3T3 fibroblasts, MDCK-II, NMuMG, A549,
SW13, MCF-7, MCF-10A, MDA-MB-231 and CaKi-1 cells)
from four organs that possess different metastatic potentials.
Among them, three (MCF-10A, MCF-7 and MDA-MB-231)
are human breast cell lines, in which MCF-10A represents
the benign control, MCF-7 displays a moderate metastatic
potential and MDA-MB-231 is considered highly malignant.
We find that cells from the same organ but with higher
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Figure 1. (a) lllustration of force mapping on cells. A deflection AFM image
(contact mode) of subconfluent NMuMG cells is shown. During force mapping
a force—distance curve is taken at every yellow spot. (b) Schematic drawing of
the experiment: the cantilever oscillates around the indentation depth &, with
an amplitude & at the frequency w. () Time course of force during the
measurement of a force—distance curve. When the cantilever gets into contact
with the sample, the force increases rapidly until the present trigger point is
reached. During dwell in contact, the cantilever is excited to sinusoidal oscil-
lations with frequencies from 5 to 200 Hz. Afterwards, the cantilever is
retracted and the procedure repeated at a different position. (d) Indentation
oscillation &(cw) with frequencies from 5 to 200 Hz around the indentation
depth &, and corresponding force signal F(cw) after detrending.

malignancy are generally softer than benign cells, which is
expressed in a lower real part of the complex shear modulus.
However, when comparing cells of different metastatic poten-
tial from different organs, there is no clear trend in rigidity.
Nonetheless, considering malignant cells that originate from
the same organ and organism, such as MCF-7 and MDA-
MB-231 cells, we could confirm that these cells are softer
than benign MCF-10A cells. Interestingly, however, all
cancer cell lines displayed a higher loss tangent (n= G"/G’)
at high oscillation frequencies compared with the benign cell
lines, regardless of their origin. The loss tangent is inherently
model-independent and conveys information as to whether a
cell is rather solid or fluid at a given excitation frequency.
Our measurements suggest that cancer cells are generally
more fluid-like than epithelial cells or fibroblast, accounting
for the migratory behaviour of the malign cells.

3. Measurement and data processing

Experiments were carried out using a commercially available
MFP-3D AFM (Asylum Research, Santa Barbara, CA) placed
on an inverted microscope (IX51, Olympus, Tokyo, Japan).
After calibration of the spring constant of the cantilever (MLCT,
Veeco, C-lever, nominal spring constant k = 0.01 N m ') using
thermal noise spectra and determination of the optical lever
sensitivity, cells were imaged in contact mode. Subsequently,
we used the built-in force map mode of the AFM to measure
force—distance curves providing information about the local
mechanical response of the cells on the previously imaged
area. A typical example of subconfluent NMuMG cells is
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Figure 2. (a) AFM height image of subconfluent epithelial NMuMG cells (contact mode). (b,¢) Height image overlaid with the force map data of (b) G’ and (c) G” at

an oscillation frequency of 20 Hz.

shown in figure 1a. Every spot in this particular AFM image
corresponds to a single force curve in the force map measure-
ment. A schematic drawing of the experimental set-up is
shown in figure 1b. Figure 1c depicts the time course of the
force recorded during the measurement of a force—distance
curve modulated with a sinusoidal oscillation.

In general, the method is based on the following idea; if a
cantilever is placed on a hard or an elastic surface and is
excited harmonically but off-resonance at its basis, the deflec-
tion signal and the sinusoidal excitation signal are in phase.
Placing the cantilever into a viscous environment and excit-
ing it in the same way, it exhibits its maximum deflection
when moved fastest through the fluid. This is the case at
the inflection point of the sinusoidal excitation, meaning
that in a viscous environment the excitation and the deflec-
tion are 90° out of phase. In summary, whether a sample
behaves more like an elastic solid or more like an viscous
fluid is expressed in the phase shift between the two signals,
which can have values between 0° and 90°. As soon as the
cantilever tip gets into contact with the sample, the force
acting on the cantilever increases up to a previously chosen
trigger point. After a short resting period, the cantilever is
excited to an oscillatory movement 8(w) around the given
indentation depth &, with frequencies ranging from 5 to
200 Hz using the built-in indenter panel of the Asylum
Research MFP software. During this procedure, the tip
never loses contact with the cell body. Afterwards, the canti-
lever is retracted from the cell surface and the force decreases
to zero again. Figure 1d shows the time course of the
detrended oscillation &(w) around &, and the corresponding
force response F(w). While the amplitude of the separation
variation As remains constant, the amplitude of the force
response Ay increases considerably with increasing oscillation
frequency. To obtain quantitative data, we adopted the mech-
anical model proposed by Alcaraz et al. [12]. The model
essentially relies on Hertzian contact mechanics assuming a
pyramidal indenter geometry [16]

_ 3E-tan(0) o,

RN .

where E is Young’s modulus, v is the Poisson ratio assumed
to be 0.5 and 6 is the half opening angle of the pyramidal can-
tilever tip. After linearization for small amplitude oscillations
according to Mahaffy and co-workers and transformation
into the frequency regime to include energy dissipation, the
following expression for the complex shear modulus G*

using the relationship G = E/(2(1 + v)) is obtained [13,17]:

* ! Yl 1-v F (w)
G'(w) = G(w) +iG"(w) = 35ytan(0) (w)” (3.2)
where w denotes the angular frequency. After correction for
the hydrodynamic drag acting on the oscillating cantilever
and the unavoidable phase lag between excitation of the can-
tilever and the force response, we finally obtain the following
expression for the complex shear modulus:

1—v (F(w)

G'(w) = G'(w) + iG"(w) = Svian(®) 5 iwb(ho)), (3.3)

8(w)

where b(hg) is the drag coefficient at an extrapolated tip-
surface in direct contact and i is the complex identity. A detailed
description of the data processing to correct for unwanted
phase shifts can be found in the electronic supplementary
material, figures S1 and S2.

4, Material and methods

All cell lines were cultured on glass slides (Asylum Research)
at 37°C and 5% CO, until confluence is reached (if possible),
and were measured 1 or 2 days after seeding. When confluency
was reached (except NIH 3T3, SW13 and MDA-MB231)
the glass slides were mounted into the BioHeater sample
stage (Asylum Research) and covered with the appropriate
HEPES-buffered medium. The temperature of the BioHeater
was set to 37°C throughout all measurements.

5. Results and discussion

Spatially resolved microrheological data acquired for nine
different cell lines were compared with respect to their malig-
nant potential. Except for fibroblasts, all cell lines were
investigated after confluence was reached. Prior to force map-
ping, the area of interest of each sample was imaged with the
AFM to control morphology and confluency of cells. An
example of subconfluent NMuMG cells that demonstrates the
typical spatial resolution of the microrheological experiment
using the AFM is shown in figure 2. The height image (figure
2a) shows two NMuMG cells in close contact to each other
with maximal height of 5.5 um (red area). In the peripheral
areas of the cells, the apical membrane has a distance of a few
hundred nanometres from the substrate. We assume that the
cells in this image reside in a phase shortly after cytokinesis
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Figure 3. (a) AFM-deflection images of MCF-10A, MCF-7 and MDA-MB-231. Cells were imaged in constant force mode using pyramidal cantilever-tip geometry.
(b) Median values of the storage modulus G’ (filled symbols) and loss modulus G” (open symbols) as a function of oscillation frequency (two force maps, more than
10 cells). The data of the complex shear modulus were fitted using the power-law structural damping model (solid lines).

due to the lack of cell—cell contacts and the presence of a small
furrow between the cells [18]. Figure 2b and figure 2c show an
overlay of the height image and the corresponding storage
and loss modules, respectively. The oscillation frequency of
the microrheological measurement was set to 20 Hz in this
representative image. Notably, at this frequency the values of
G’ exceed those of G”. In general, the cells exhibit higher
moduli in the peripheral areas, reaching values of more than
50 kPa for G’ compared with only 1-5 kPa in the cells’ centre.
The moduli in the centre of each cell are lower compared with
those in the periphery, but also with values at the interface
between the two cells. The high values of G’ at the cell-cell inter-
face can be explained by the presence of a stiff, contractile
actomyosin ring that is necessary for the separation of the
daughter cells during cytokinesis [19]. The dense network of
actin filaments in direct contact with the cell membrane facili-
tates a higher resistivity against externally applied forces and
therefore leads to higher modules.

Although figure 2 demonstrates the feasibility of the
method to measure frequency-dependent mechanical par-
ameters with high lateral resolution, the stiff underlying
substrate might compromise the measurement. This effect is
known as ‘bottom effect” and lets the cells appearing stiffer,
especially in regions where the cells are thin [20]. This
could be a reason for the elevated values of G’ and G” in
the periphery of the cells in figure 2b,c. This effect can be lar-
gely ruled out since mainly confluent monolayers of the
different cells lines were analysed using an indentation
depth between 300 and 800 nm (500—-800 nm in the case of
MDA-MB-231 cells) to avoid a pseudo-stiffening of the cells.

To investigate the frequency-dependent mechanical response
of cancer cells compared with normal cells, we chose eight cell

lines from four different organs. MDCKII cells and CaKi-1 cells
originate from the kidney; SW13 are derived from the adrenal
gland; NMuMG, MCF-10A, MCF-7 and MDA-MB-231 are cells
from the mammary gland, and A549 cells are derived from the
lung epithelial layer. MDCKII and NMuMG cells show epithelial
morphology, growing as a confluent monolayer with strong
intercellular junctions and a pronounced apical-basal polarity
[21]. MCF-10 is an immortal non-tumorigenic epithelial cell line
derived from benign breast tissue. Although the cells are immor-
tal, they display a normal, non-cancerous phenotype. MCF-7 cells
grow in a dense monolayer but also showed the ability to form
metastasis in lung, liver and spleen in athymic nude mice [22].
Although forming a confluent, polarized monolayer is a charac-
teristic of normal epithelial cells, the CaKi-1 is a representative
metastatic renal cancer cell line [23]. Similarly, MDA-MB-231
cells are considered to be malignant cancer cells derived from
the mammary gland, forming metastases in various organs,
including lung and bones [24]. The A549 cell line originates
from non-small-cell lung cancer adenocarcinoma cells and
shows an epithelial-like morphology. However, in contrast to
the two epithelial cell lines used in this study, the A549 cells
bear the potential to form metastasis in in vivo models [25].
SW13 cells belong to the small-cell carcinoma and are derived
from the adrenal gland [26]. Apart from the aforementioned
cell lines, we also investigated fibroblasts as a paradigm for a
benign mesenchymal cell as well as MCF-10A cells representing
non-tumorigenic cells. Representative AFM-deflection images of
all cell lines can be found in figure 32 (MCF-10A, MCF-7, MDA-
MB-231) and in the electronic supplementary material, figure S3.

First, we focus on the cell lines MCF-10A, MCF-7 and
MDA-MB-231, all from the human mammary gland but with
different metastatic potential. Figure 3b compiles the results
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Figure 4. Loss tangent 17 = G”/G’ of the human breast cell lines MCF-10A, MCF-7 and MDA-MB-231 as a function of frequency. Continuous lines represent results
of fitting the parameters of the power-law structural damping model to the experimental data.

of the microrheological investigation. Rheological data of the
other six cell lines are shown in the electronic supplementary
material, figure S4. The presented data are computed from at
least two force maps per cell line with a resolution of 32 x 32
pixels. In general, the complex shear modulus of all cell lines
followed the typical frequency dependence found for many
other cell types, including neutrophils, airway smooth
muscle cells, bronchial epithelial cells or pulmonary macro-
phages with different microrheological methods [14,15]. G/
increases with frequency following a weak power law with
exponents « ranging from 0.10 to 0.25 (table 1), while G” exhi-
bits lower values compared with G’ in the low-frequency
regime (less than 50 Hz). In this regime, the cells show a
more solid-like behaviour as the loss tangent (n= G"/G)
does not exceed 1 (see also figure 4 and electronic supplemen-
tary material, figure S5 for all cell lines). However, the
high-frequency domain is dominated by G”, indicating that
the cells at high frequencies behave more like a viscous liquid
(mn>1). An attempt to explain this power-law behaviour in
the microrheological spectra of living cells has been made by
Kollmannsberger & Fabry [27]. By describing the cell as an
active soft glassy material, some rheological features can be
assigned to cytoskeletal organization and remodelling. The
model is based on the soft glassy rheology model first
described by Sollich [28], and assumes that the cytoskeleton
of the cell consists of many disordered elements, which are
held together by weak attractive forces between neighbouring
elements trapping the elements in energy wells. These weak
interactions allow the elements to occasionally jump between
the potential wells. A large distribution of energy well depth
leads to a scale-free (power-law) behaviour of the lifetime dis-
tribution and thus results in a power-law rheological
behaviour. The power-law coefficient corresponds to the effec-
tive temperature of the material [15]. The material is at the
thermal equilibrium if the power-law coefficient becomes 0.
The model of active soft glassy rheology also predicts
power-law structural damping behaviour, at least at inter-
mediate time scales. The rheological data of all cell lines
could be well described by this model (solid lines in figure
3b and electronic supplementary material, figure S4). The
obtained fitting parameters of all cell lines according to elec-
tronic supplementary material, equation (S8) are summarized
in table 1. We found that the measured values of G’ (storage
modulus), Gy (scaling factor), a (power-law exponent) or
u (Newton viscosity term) for all cell lines do not show a
clear correlation to the malignancy of the cell line. MCF-7,

Table 1. Fitting parameters G, « and w of the power-law structural
damping model (see the electronic supplementary material, equation (S8))
applied to the used cell lines with corresponding standard error.
Gy denotes the shear modulus at zero frequency, w the viscosity and « is
the power-law coefficient.

Go/kPa @ pm/Pa X s

NIH 3T3 1514012 0154001 587 + 025
O MDCKI 0564010 022+003 3244036
iy s U
T S
BT i s SO

MDA-MB-231 069+ 006 022+ 001 869+ 021
B o L

MCF-7 05+002 0254002 344+ 010
R it SO

CaKi-1 and MDA-MB-231 cells, three malignant cancer cell
lines, show the lowest G'-values at all frequencies, followed
by epithelial MDCKII cells with values slightly higher than
those of MDA-MB231 cells. Furthermore, malignant A549,
NIH 3T3, MCF-10A and NMuMG cells display the highest
storage modules. However, considering cells only from one
organ (human mammary gland), we can confirm that benign
cells are stiffer than malignant ones (figure 3; electronic sup-
plementary material, figure S4). Apart from the obvious
stiffness differences that have also been reported by others,
we found that the power-law exponent of benign MCF-10A
cells is considerably smaller (figure 5). Other than that, no
correlation between the various parameters obtained from
fitting electronic supplementary material, equation (S8) to the
rheological spectra was found (figure 5).

Several groups with divergent findings have extensively
investigated the effect of malignant transformation of cells on
cellular mechanics. Lekka et al. [29], for instance, investigated
the elastic response of normal and cancerous human bladder
cell lines using the AFM. They found that cancerous cells exhibit
elastic moduli that are one order of magnitude lower compared
with normal cells. Guck et al. [30], who measured the deform-
ability of non-cancerous and cancerous human mammary
epithelial cells with a microfluidic optical stretcher, have
observed a similar trend. In addition, the cancerous cells were
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Figure 5. Correlation plots of the parameters Gy, « and g for all cell lines. A correlation between Go and the power-law exponent « is found for human breast cell

lines (coloured symbols connected by dotted line).

found to be more deformable than the corresponding benign
cells. Treatment of the cancer cells with 12-O-tetradecanoyl-
phorbol-13-acetate, a tumour-promoting drug, additionally
enhanced the deformability of the cancer cells. It was found
that cancerous MCF-7 cells are more deformable than benign
MCF-10, and that the metastatic modified MCF-7 cells are
even more deformable than MCF-7 cells [3]. The increased
deformability of cancer cells with modified metastatic compe-
tence is accompanied by a reduction in structural strength
opposed to non-metastatic cancer cells. This reduction in elastic
rigidity might be attributed to a decrease in F-actin concen-
tration by as much as 30% at small strain levels, while at
larger strain reorganization in the molecular architecture of
keratins might be responsible.

On the other hand, Zhang et al. [6] report on a stiffening of
hepatocellular carcinoma cells compared with benign hepato-
cytes. These contradictory results mirror the difficulty of
categorizing the malignancy of cancer cells according to
their softness (i.e. Young’s modulus). Nevertheless, the malig-
nant transformation of benign cells into metastatic cancer cells
results from a change in the protein expression pattern of the
cell, which is accompanied by a reorganization of the cytoske-
leton and a change in the adhesive properties of the cells
[3,31]. Taking the histological origin of the cells into account,
we can confirm the trend towards softer cancer cells com-
pared with stiffer benign cells in our measurements. The
benign epithelial cell lines NMuMG, MCF-10A and
MDCKII, as well as the very stiff fibroblasts, show higher
values for G’ compared with the corresponding malignant
cancer cell lines from the same organ. However, A549 cells
do not follow a potentially universal trend of low elastic mod-
ules observed for malignant cells. Problems of using the
elastic modulus for the cancer cell detection have been dis-
cussed recently by Lekka & Laidler [32]. By contrast, the
loss tangent 1 as a model-independent parameter (as it is
solely described by the phase shift between excitation of the
cantilever and its response) does not assume a particular geo-
metry of indenter or cell. Thus, it is independent of the
indentation depth and details of contact mechanics providing
a quantitative measure of the overall rheological behaviour of
the sample. Figure 6 shows the loss tangent 1 determined at
an oscillation frequency of 100 Hz for all cell lines. The com-
plete frequency dependence of the loss tangent is depicted
in figure 4 for the three breast cell lines. Electronic supplemen-
tary material, figure S6 compares the benign cell line
MCF-10A with the malign one MDA-MB-231 at the full
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Figure 6. Loss tangent ) of all cell lines with different metastatic potential
computed at an oscillation frequency of 100 Hz (two force maps, corresponding
to 5-20 cells, depending on cell size).

frequency range, demonstrating that the non-tumorigenic
cell line possesses a smaller loss tangent at all frequencies.
At 100 Hz oscillation frequency, both epithelial cell lines
(MDCKII and NMuMG cells) and the fibroblasts (NIH 3T3
cells) exhibit a loss tangent 1 of approximately 1.1 with a
narrow distribution. All cancer cell lines have significantly
higher median values of 7, ranging from 1.3 in the case of
A549 cell up to 2 and 3 in the case of MDA-MB231 cells and
CaKi-1 cells, respectively. The effect is also accompanied by
a broadening of the distribution. The elevated values of 7
can be interpreted as a more fluid-like behaviour of the
malign cancer cells compared with the benign cell lines. We
interpret this effect by the concomitant migratory behaviour
of cancer cells. To form metastases, cancer cells have to
detach from their primary tumour and invade the parenchyma
and the vasculature [33]. During this process, the cancer cells
have to undergo large deformations (i.e. during intra- and extra-
vasation), while they are ‘squeezing’ themselves through
endothelial cell layers. Hence, a more fluid-like behaviour of
the cells facilitates this process, which is critical for the formation
of metastasis in tissues far away from the primary tumour. While
alarge loss tangent identifies a more fluid-like behaviour it does
not automatically mean that the stiffness of the cell is low. It just
means that viscosity dominates over elasticity.

6. Conclusion

The mechanical properties of cells are governed by a multitude
of passive and active elements, and are far from being
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understood in their full complexity. Simple contact mechanical
models that explain rheology over a wide range of time and
length scales cannot capture all the features of the complex cel-
lular structure. Moreover, the answer of the cells to external
deformation on longer time scales is influenced by biochemical
and genetic adaption to the mechanical stimulus, rendering the
overall response even more intricate. However, it is indisputable
that cancer cells and benign cells display different elastic proper-
ties, which might serve as a diagnostic tool to readily identify
malignant phenotypes by their mechanical signature and

Here, we propose a model-free approach based on moni-
toring the loss tangent that essentially represents the ratio of
loss modulus to storage modulus of the probed cell, and
therefore quantifies energy dissipation upon deformation at
different frequencies. We found that cancer cells show a sub-
stantially larger loss tangent than the benign phenotype,
which means that the cells behave more like fluid at smaller
time scales (larger frequency).
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