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Introduction

Metastases, rather than primary tumors, are the main cause 
of cancer deaths. In fact, when detected at an early stage, 
it is often possible to isolate and treat cancer. However, 
when metastases occur, treatments are much more difficult 
(Fidler 1999; Woodhouse et al. 1997). Tumor metastases 
are the results of several biological processes including 
migration of tumor cells from the primary tumor site to dif-
ferent locations through the circulatory system. Such pro-
cesses can be divided into different steps: tumor cell inva-
sion of the surrounding tissue, cell entry and survival in the 
circulatory system, cell arrest in the bloodstream, extrava-
sation in new tissue, and growth in the new site (Chambers 
et al. 2002; Steeg 2006). Tissue invasion is the first step for 
the colonization of secondary organs by cancer cells and 
it involves many mechanical and biochemical processes 
(Brooks et al. 2010; Kausch and Böhle 2002). Therefore, 
the study of cell mechanical properties at this stage may be 
helpful to the unraveling of these complicated events.

A correlation between mechanical properties and dis-
eases has been found in many cell types, including lung 
epithelial cells (Roan et al. 2012), cancer cells (Lekka et al. 
1999, 2012a), and laminopathies associated with diseases 
of the nuclear membrane (Kaufmann et al. 2011). Mechani-
cal properties of cells are investigated with many differ-
ent methods (Hochmuth 2000; Planus et al. 2002; Zhang 
and Liu 2008), where especially atomic force microscopy 
(AFM) has found widespread applications in the last dec-
ades (Braet and Radmacher 2012; Radmacher 1997). The 
standard mode of operation for AFM is measuring force 
indentation data by force curves. However, data are largely 
affected by the viscosity of the specimens, especially for 
soft samples such as cells. In fact, the widely used Hertz 
model only considers the elastic response of the sample, 
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and will yield systematically wrong values for the elastic 
modulus due to neglecting viscous effects (Hertz 1882). 
This is evident when comparing approach and retract 
curves, since Young’s moduli extracted from each curve are 
different. The difference of the two apparent elastic mod-
uli has been suggested as a measure of sample viscosity 
(Rebelo et al. 2013). However, since experimental design 
and analysis of the data in force curves do not adequately 
consider viscous contributions, this will only lead to some 
qualitative properties rather than a measured quantity. 
Since the loading rate is not constant during a force curve 
on a soft sample, due to the change of the contact area 
between tip and sample, there is no simple way of extend-
ing the Hertz model to include viscous effects in conven-
tional force curves. The viscous response of cellular sample 
is substantial, as can be seen as a large separation between 
approach and retract curves; in the current experiments, it 
is even more apparent as a large creep is observed when 
z-motion is stopped after contact is achieved. To overcome 
this issue and to measure true viscoelastic properties of 
cells, several schemes in AFM have been suggested: using 
force modulation (Cartagena and Raman 2014; Florin et al. 
1994), creep compliance (Alcaraz et al. 2003; Hecht et al. 
2015; Moreno-Flores et al. 2010a) or stress relaxation tests 
(Moreno-Flores et al. 2010b). Previously, stress relaxa-
tion of cells has been measured after applying a large (and 
slowly) increasing loading force during the approach part of 
a force curve (Hecht et al. 2015). However, due to the slow 
response time of cells, this procedure results in a superpo-
sition of many individual force steps during cell loading, 
making analysis more difficult. Alternatively, a step in sam-
ple height can be applied after the initial creep of the ramp 
during force curve approach has been seized (Moreno-Flo-
res et al. 2010a). In the present work, we applied a step in 
z-height after cell indentation and recorded the strain and 
stress relaxation of the cell by using AFM, therefore we 
could separate the viscous and elastic responses indepen-
dently, in terms of the elastic modulus and dynamic viscos-
ity of a cell; this was achieved by analyzing our data with 
a simple model composed of two springs and a dashpot 
(often denoted as general linear solid model) (Fung 1993). 
We preferred this simple model instead of more elaborated 
schemes of analysis, since in our stress relaxation experi-
ment the largest relaxation time will be most prominent. 
Relaxation processes at faster time scales are better inves-
tigated by modulation experiments, which may then lead to 
a power law behavior in the complex moduli (Hecht et al. 
2015; Kollmannsberger and Fabry 2011).

In cancer research, the use of AFM to investigate cell 
mechanics has helped to discriminate between normal 
and diseased cells (Lekka et al. 2012a; Lekka and Laidler 
2009; Rianna and Radmacher 2016). Especially in the last 
decades, there has been growing interest in studying the 

mechanical properties of cancer cells in comparison to their 
normal counterparts (Iyer et al. 2009; Li et al. 2008; Suresh 
2007). Many studies have reported that cancer cells are 
softer than normal cells (Lekka et al. 1999; Prabhune et al. 
2012), suggesting that the mechanical phenotype of cancer 
cells could be defined (Lekka et al. 2012b). The majority 
of these experiments were performed on conventional cul-
ture substrates such as plastic Petri dishes, whose mechani-
cal properties are very different from those of natural tis-
sues. Few reports presented the investigation of cancer cell 
mechanics on different stiffness gels: for example, changes 
in stiffness of glioma cells have been reported (Sen et al. 
2009; Sen and Kumar 2012); moreover, recently Staunton 
et al. (2016) reported on the mechanical properties of can-
cer cells plated on soft collagen matrices. However, the lit-
erature about mechanical response of cancer cells on differ-
ent stiffness gels is still sparse. In addition, previous AFM 
data were only analyzed in the framework of purely elastic 
response, which is not justified in a strict sense.

In this work, by using stress relaxation AFM curves, we 
measured the viscoelastic properties of anaplastic thyroid 
carcinoma cells and their normal counterparts on poly-
acrylamide gels, similar in stiffness to the natural tissue 
surrounding these cells. When the stiffness of these sub-
strates was increased, we found that cancer cells were far 
less able to adapt to different stiffness substrates than their 
normal counterparts.

Materials and methods

General materials

Acrylamide and bisacrylamide solutions were purchased 
from Bio-Rad. N,N,N′,N′-Tetramethylethylenediamine 
(TEMED), TC-119 medium, N-[3-(Trimethoxysilyl)pro-
pyl]ethylenediamine silane and dichlorodimethylsilane 
solution were purchased from Sigma. Sodium hydroxide 
(NaOH) and ammonium persulphate (APS) were purchased 
from Merck and circular cover glasses (22-mm diameter) 
from VWR Scientific. Glutaraldehyde, ethanol, and other 
solvents were purchased from Panreac AppliChem.

Substrate preparation

Polyacrylamide (PA) gels were prepared following a 
well-established protocol (Tse and Engler 2010) based on 
the polymerization of the gel solution between two glass 
slides, silanized with amino- and chloro- silanes, respec-
tively. In detail, for the amino-silanization process, round 
cover slips were first washed in absolute ethanol, then 
covered with 0.1 M NaOH for 3 min, and finally acti-
vated with the amino-silane N-[3-(Trimethoxysilyl)propyl]
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ethylenediamine for 3 min and fixed with 0.5 % glutaral-
dehyde for 30 min. For the chloro-silanized glass prepa-
ration, a dichlorodimethylsilane solution was poured on 
the cover slides for 5 min; glasses were later extensively 
washed with ultrapure water (MilliQ systems, Molsheim, 
FR) and dried. Polyacrylamide gel solution was prepared 
by mixing 40 % acrylamide with 2 % bisacrylamide in 
ultrapure water. Polymerization was initiated by APS and 
TEMED. The solution was dropped on the amino-silanized 
glass and covered with the chloro-silanized one to avoid the 
presence of oxygen that would inhibit the polymerization. 
After 30 min, the upper slide was removed while the gels 
were linked to the amino-silanized supports. By modulat-
ing the amount of bisacrylamide we could obtain gels with 
different stiffness values. In detail, by using 100 and 400 µl 
of bisacrylamide, we could obtain gels with two ranges of 
stiffness: 3–5 and 30–40 kPa (values were measured by 
using AFM). In the following, different stiffness gels will 
be referred to as “soft” and “stiff”, respectively. We clarify 
that the main goal of this work was to study the difference 
between normal and cancer cells in sensing and adapting to 
the surrounding tissues; therefore we used only three rep-
resentative gel-stiffness values: the first range close to the 
stiffness of the cells (3–5 kPa), the second one with val-
ues of one order of magnitude bigger than the first range 
(30–40 kPa), and finally Petri dishes, since they are con-
ventionally used in cell culture studies. This notwithstand-
ing, we did not aim to study the direct connection between 
cells and gel properties.

Cell culture

Two different cell lines were used in this work: human pri-
mary thyroid cells (S747) and anaplastic thyroid carcinoma 
cells (S277). Cells were kindly provided from the Zentrum 
für Humangenetik (ZHG), University of Bremen. Both 
cell lines were cultured in TC-199 medium and incubated 
at 37 °C in a humidified atmosphere of 95 % air and 5 % 
CO2. Medium was supplemented with 20 % FBS (fetal 
bovine serum) and 2 % penicillin–streptomycin. Prior to 
cell seeding, PA gel substrates were sterilized in ethanol; 
extensively washed in PBS, and incubated with medium 
for a few hours to promote serum protein absorption on the 
gels, hence, cell adhesion (see "Appendix", Fig. 5, for fluo-
rescent images of labeled cells). Cells were seeded 24–48 h 
prior to AFM measurements; either plated on gels, placed 
in Petri dishes, or directly on the Petri dish.

AFM experiments

A MFP3D AFM (Asylum Research, Santa Barbara, CA, 
USA) was used to measure mechanical properties of nor-
mal and cancer cells. An optical microscope was combined 

to the AFM to be able to control tips and samples. Soft 
cantilevers (MLCT Bio, Bruker, nominal spring constant 
0.01 N/m) were used to investigate cell properties. The 
Petri dishes with cell samples were fixed to an aluminum 
holder with vacuum grease and mounted on the AFM stage 
with two magnets. The AFM head including the sam-
ple was enclosed in a homebuilt polymethylmethacrylate 
(PMMA) box in order to inject and maintain 5 % CO2.

AFM force curves

Conventional and stress relaxation force curves were 
recorded on normal and cancer thyroidal cells to study their 
viscoelastic properties. First, the spring constant of the 
cantilever was calibrated by using a thermal tune method 
(Hutter and Bechhoefer 1993), and then force curves were 
recorded above the nuclear region of the cells, typically at 
a scan rate of 1 Hz, corresponding to a maximum loading 
rate of 1 nN/s and a maximum force of 1 nN. Indentation 
depths were always greater than 500 nm in order to average 
the stiffness over a large contact area, which gives values 
that do not depend on local variations of the cytoskeleton 
structure (Pogoda et al. 2012). At least 30 cells were meas-
ured for each substrate; 100 force curves were acquired 
over a cell area of 5 × 5 μm in the form of grids, called 
force maps or volumes. For stress relaxation force curves, z 
motion was stopped for a dwell time of 2 s after the trigger 
threshold was achieved (cantilever deflection of 150 nm). 
After 1 s, the z height was changed by 100 nm towards the 
cell, and after an extra 0.5 s this step was reversed (Yango 
et al. 2016).

AFM data analysis

The data analysis package IGOR (Wavemetrics, Lake 
Oswego, OR, USA) was used to evaluate mechanical prop-
erties of cells. The Hertzian model for pyramidal tips was 
used to calculate the Young’s modulus for each force curve 
within a force map (Rico et al. 2005). The median of these 
values (rather than the mean due to the asymmetry of the 
distribution of values) was considered as a representa-
tive modulus of a force volume, hence of each cell region. 
Stress relaxation data were fitted with the standard linear 
solid model combination of two springs and a dashpot 
(also called a Zener model, see “Appendix”, Fig. 6) (Fung 
1993). Even though we waited for 1 s before applying the 
step to minimize creep caused by the approaching ramp of 
the force curve, it was essential to subtract an exponential 
fit to remove residual creep (see Fig. 2). Then individual 
exponential fits were applied to the data after the loading 
and the unloading step. Each fit resulted in two spring con-
stants and one value for the friction-damping coefficient. 
The spring constant k1 corresponds to the stiffness of the 
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sample after relaxation. The sum of k1 and k2 correspond to 
the initial stiffness of the sample after the step is applied, 
whereas the friction-damping f is responsible for the strain 
and stress relaxation. The spring constants and the friction-
damping coefficient can be converted to elastic moduli 
and dynamic viscosity, respectively, assuming a Hertzian 
response of the sample taking in account the average load-
ing force during the step (see “Appendix” for details).

Results

In this work, we have used polyacrylamide (PA) gels with 
two different stiffness values, 3–5 and 30–40 kPa, respec-
tively, which we refer to as “soft” and “stiff” PA gels in 
this manuscript. By using AFM conventional force curves 
and stress relaxation data we have studied the viscoelastic 
response of thyroidal normal and cancer cells, seeded on 
such PA supports or on stiff Petri dishes for comparison, 
as they are usually used in cell culture. In Fig. 1, typical 
conventional force curves of cancer and normal cells are 
shown on the three different substrates used in this study.

Normal cell force curves (blue) show a large increase of 
the slope and therefore of the extracted Young’s moduli when 
the stiffness of the underlying substrate is increased; by con-
trast, the stiffness of cancer cells is not as dependent on sub-
strate stiffness. Note that a large difference between approach 
and retract curves is visible for both cancer and normal cells 
(Fig. 1a–c, solid and dashed lines) due to cell viscosity. Con-
sequently, the values of the apparent Young’s modulus (E) 
extracted from the approach and retract curves using the 
Hertz model differ significantly. This reflects the importance 
of the viscous response of the cell body, which cannot be sep-
arated from the elastic one in conventional force curves.

To measure the elastic and viscous response of the cell 
sample, we used here a stress relaxation scheme (Fig. 2). 
After approaching the cell up to a deflection value defined 
by the trigger threshold (typically 150 nm), z motion was 
stopped for 1 s (dwell time). During this time, the stress 
applied during the approach ramp of the cell has relaxed 
largely and we applied a sudden jump in z-height towards 
the cell (typically 100 nm, after waiting 1 s). A second 
(unloading) step was applied after a waiting time of 0.5 s. 
This resulted in a well-defined stress relaxation, which 
could be analyzed in terms of an appropriate model. We 
used the standard linear solid model for representing the 
viscoelastic behavior of cells employing two springs and a 
dashpot representing the elastic and viscous components, 
respectively. This is the simplest model that reproduces the 
observed stress relaxation behavior. We have converted the 
values of spring constants and viscous damping coefficient 
to the elastic modulus and dynamic viscosity, respectively, 
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assuming a Hertzian contact between tip and sample; 
this assumption facilitates a comparison to data of cells 
obtained by other experiments or techniques (see “Appen-
dix” for details).

Figure 3 shows a comparison between viscoelastic prop-
erties of normal and cancer cells calculated from force 
curves and stress relaxation data as a function of the sub-
strate used. In Fig. 3a, b, we plot the Young’s modulus cal-
culated from the approach and retract curve as in conven-
tional force curves. These values are very different (from 
500 and 1500 Pa for approach and from 5 to 15 kPa for 
retract) reflecting the viscous effect, which is neglected by 
this simple analysis. On the other hand, the elastic moduli 
calculated from the loading and unloading curves of stress 
relaxation data (Fig. 3c, d) are almost identical (when 
comparing the same type of cell and same type of sub-
strate), since the analysis considers the viscous response 
adequately. In cancer cells, the measured elastic modulus 
E is between 1250 and 1550 Pa and largely independent 
on the substrate, whereas normal cells show a pronounced 
increase in E modulus going from 1200 Pa (soft gel) to 
2600 Pa (Petri dish). The dynamic viscosity η shows a 
slight variation for the cancer cells from 250 to 350 Pa·s, 
whereas normal cells show a larger increase from 230 to 
500 Pa·s (Fig. 3e, f). So, normal cells adapt their viscoe-
lastic properties to those of the underlying materials, while 

instead cancer cells are less responsive to the surrounding 
mechanical properties.

In Fig. 4 two-dimensional histograms of dynamic vis-
cosity versus elastic moduli are grouped by different sub-
strates and cell types. The histograms are calculated using 
equally spaced bins on a logarithmic grid. The dotted green 
lines denote the maxima of the histograms. Cancer cells 
show only little variation increasing substrate stiffness, 
while normal cells are strongly compliant with it.

Discussion

Cell response to mechanical signals

Extra-cellular matrix (ECM) is able to determine and regu-
late cell fate using several signals, such as topographical, 
biochemical, and mechanical cues (Martins-Green and 
Bissell 1995; Ventre et al. 2012; Ventre and Netti 2016). 
Mechanical signals have been shown to have a large influ-
ence on cell behavior (Discher et al. 2005). Cells are in fact 
able to respond to different stiffness of materials, changing 
their properties or functions, such as morphology, adhe-
sion, elasticity, migration, or differentiation (Justin and 
Engler 2011; Ulrich et al. 2009). In order to mimic the 
stiffness of natural tissues, the use of hydrogels has been 
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Fig. 2  Representative stress relaxation data (here on a normal cell 
plated on a Petri dish). a, b show the z-height profiles while c, d show 
the cell response in terms of cantilever deflection. a The z height of 
the sample is ramped during approach towards the cell (0–0.5 s) and 
then it is kept constant during the dwell time for 2 s, unless a loading 
and unloading step at times 1.5 and 2.0 s, respectively, is imposed. 
Finally, the tip is retracted after t = 2.5 s. In b an enlarged version 
of the step is shown. c The deflection shows a large creep caused by 

the approaching ramp, which is largely relaxed at the point when the 
loading and unloading step is applied. Thus, this global creep has to 
be subtracted (the green curve shows the global creep as determined 
by an exponential fit). The deflection in d is the signal after subtract-
ing the global creep. Loading and unloading lead to an exponential 
creep, which is happening at well-defined conditions and can be 
quantitatively analyzed
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largely employed in the last decades (Cretu et al. 2010; 
Dembo and Wang 1999). The fact that the stiffness of these 
gels can be modulated by changing the concentration of 
monomers and the degree of cross-linking greatly enhances 
their usefulness.

Although it is known that many cell types adapt their 
behavior and mechanical properties to different stiffness 
materials (Sunyer et al. 2012; Thomas et al. 2013), a simi-
lar study with cancer cells has not yet been performed. 
Many studies have compared various aspects of normal and 
cancer cells, but the majority of them have been performed 
on conventional Petri dishes, whose mechanical properties 
are not comparable to those of natural tissues. It has been 
demonstrated in several studies that cancer cells on these 
stiff substrates are up to one order of magnitude softer than 

normal cells, mainly because of their different cytoskele-
ton structure and organization (Yamaguchi and Condeelis 
2007). However, reports comparing mechanical proper-
ties of normal and cancer cells on soft gels are still lack-
ing. Recently, it has been shown that cancer cells attempt 
to indent soft gels, even though impenetrable, because of 
their metastatic potential that prompts them to penetrate the 
tissue surrounding the primary tumor location in order to 
colonize different organs (Dvir et al. 2015; Kristal-Muscal 
et al. 2013, 2015). More recently, Staunton et al. (2016) 
reported that cancer cells stiffen during invasion into col-
lagen I matrices.

In the present study, we found that thyroidal cancer cells 
were mainly insensitive to the changes in the substrate stiff-
ness, proving to be less susceptible than normal counterpart 
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cells to changes in stiffness of the underlying substrates. 
Recently, mechanical phenotype of cancer cells has been 
defined as a combination of cell softening and loss of stiff-
ness sensing (Lin et al. 2015). Moreover, a recent report 
showed that the ability of cancer cells to spread, migrate, 
and proliferate on soft ECMs was also largely independent 
of the surrounding stiffness (Wong et al. 2015). Indeed, our 
results support these findings and bring additional knowl-
edge on the mechanical behavior of cancer cells on compli-
ant ECMs. Furthermore, we found that this cancer cell type 
tended to be stiffer than normal cells when seeded on soft 
gels (Figs. 1a, 3a, b). By contrast, on conventional culture 
substrates, such as Petri dishes, in agreement with other 
reports, we found that cancer cells were softer than the nor-
mal counterparts.

Elastic properties of cells

The elastic properties of cells are mainly understood in 
terms of the cytoskeleton, where the density and arrange-
ments of filaments, the number of cross-links, the activ-
ity and stress generation by myosin molecules, and other 
components will effect the elastic properties, which can be 

measured by several techniques on a cellular scale. Many 
studies show that concepts from polymer physics or the 
concept of active gels can be used to understand the elastic 
properties of cells (Mason et al. 2000). So, here the main 
molecular players are known, and principles from physics 
are available to understand cellular properties. The interest-
ing question is how cells orchestrate the molecular players 
and the principles form physics to generate their behavior.

The observed differences between normal and cancer 
cells will be related to changes in cytoskeleton dynamics 
and organization for different cell phenotypes. In fact, com-
parative studies on intracellular mechanics, using particle-
tracking (Gal and Weihs 2012) or magnetic twisting cytom-
etry (Coughlin and Fredberg 2013), have found that cancer 
cells (with high metastatic potential) are characterized by a 
sparser and highly dynamic cytoskeleton network as com-
pared to benign cells.

Viscous properties of cells

Viscosity of cells is a much more complicated issue than 
elasticity, since the measured viscosity of cells strongly 
varies on the technique used (Luby-Phelps 2000). A 

Fig. 4  Two-dimensional 
histograms of dynamic viscos-
ity η versus elastic modulus E 
derived from stress relaxation 
data, grouped by substrate and 
cell type. Green lines represent 
the maxima of the histograms. 
The elastic modulus (vertical 
lines) does not change much 
in the case of cancer cells (left 
column), whereas in normal 
cells (right column), values 
increase with increasing sub-
strate stiffness. Similarly, the 
dynamic viscosity (horizontal 
lines) is virtually independent 
on substrate stiffness in cancer 
cells, but increases slightly in 
normal cells
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unifying concept is emerging: the concept of viscosity 
does not exactly apply to a material like the cytosol, which 
shows structures at different size levels (molecular, mesh 
size of the actin cytoskeleton, mesoscopic level of organelle 
organization, cellular organization). It has been shown that 
the measured viscosities for polymeric networks strongly 
depend on the size of the probe in relation to the mesh size 
of the network (Kalwarczyk et al. 2011).

The investigation of apparent cell viscosity has attracted 
interest for decades (Evans and Yeung 1989; Kalwarczyk 
et al. 2011) and it has been shown to be an important fac-
tor in normal and pathological cell biology (Kuimova et al. 
2009; Yarnell et al. 1991). Micropipette aspiration has been 
a widely employed technique to investigate the viscosity of 
whole cells; however, it is only feasible with non-adherent 
cells. Other techniques have been used to study viscosity 
of cell components, such as the cell membrane (Dunham 
et al. 1996; Haidekker et al. 2001; Nipper et al. 2008) or 
the cytoplasm (Kalwarczyk et al. 2011; Margraves et al. 
2011). In this work, using AFM, we could study the vis-
cous response of cells in terms of dynamic viscosity. This 
technique has the advantage of being based on direct 
measurements of biological samples, without employing 
fluorophores, as for example in the case of viscosity meas-
urements with fluorescence recovery after photobleaching 
(FRAP) (Axelrod et al. 1976; Dayel et al. 1999) or fluores-
cent molecular rotors (Kuimova 2012).

In our AFM experiments, we measure viscosities over 
a large area of typical size of 1 µm (corresponding to the 
maximum contact area in our indentation experiments) 
compared to the molecular scale or mesh size of the actin 
cytoskeleton. So, we basically force a flow of cytosol 
through a dense network of actin filaments with various 
obstacles like organelles. Or, we force the filaments to be 
moved through the cytosol. In any case, it is conceivable 
that if the density and structure of the actin network are 
changing, we will see qualitatively similar effects in elas-
tic and viscous properties. Normal cells stiffen when sub-
strate stiffness increases, and the dynamic viscosity shows 
the same behavior. In cancer cells, both quantities are 
rather constant regardless of the substrate stiffness. Indeed, 
the values of dynamic viscosity on the cellular scale that 
we report (Fig. 3e–f) are in agreement with those already 
reported by Evans and Yeung (1989) and Needham and 
Hochmuth (1990).

Stress relaxation versus force curves

Usually, force curves are analyzed in terms of the Hertz 
model (for a spherical, conical, or pyramidal indenter) to 
obtain the Young’s modulus. This analysis does not con-
sider any viscous effects, so strictly speaking, the modu-
lus should be called apparent modulus. Due to sample 

viscosity, the approach and retract curves are very different, 
which will result in different values of the apparent moduli 
extracted from each curve. In addition, in retract curves, 
adhesion may be present, which will make the determina-
tion of the contact point difficult and may need to be con-
sidered as an offset of the acting curve. However, because 
of adhesion, which will be mediated by extracellular mol-
ecules sticking to the tip (e.g., glycocalyx or glycopro-
teins), it is not clear at which point these molecular bonds 
are under tension and will actually generate force. For this 
reason, in most AFM studies, usually only the approach 
curve is analyzed. Here, we just quoted a value for the 
retract curve to illustrate this issue. The adhesion forces 
will become larger with increasing contact time, which in 
our experimental setup is longer (due to a dwell of 2 s) than 
in standard force curves. Hence, we observe more adhesion 
than usual in AFM force curves. Nevertheless, the viscous 
contribution to the approach curve will still lead to a wrong 
Young’s modulus, dependent on the indentation rate, which 
will become larger the larger the ramp rate (z motion of the 
piezo) is, but not identical to it.

In a step response experiment, since the tip stays in 
contact, there is no issue with adhesion forces, since pos-
sible molecular bonds are not stressed due to the motion 
of the tip. The viscous effect is taken into account by an 
appropriate mechanical model of the sample. As a result, 
the elastic constants of loading and unloading steps (and 
the dynamic viscosity) are very similar. A possible explana-
tion for the discrepancy is a slight change in contact area 
between the two steps, since both occur at slightly different 
forces. From the force curve we can read that at the force 
applied during the step the indentation is about 1 µm. Dur-
ing the step, the indentation is changing by 80 nm (z height 
is changing by 100 nm, and the deflection is changing by 
20 nm), which is a relative change of less than 10 %. Since 
the contact area will be proportional to the indentation (for 
a pyramidal indenter), its change will be on the same order. 
This will then also result in an error of the viscoelastic 
properties determined by step response analysis.

Stress relaxation versus modulation experiments

In polymer rheology, and in the study of the viscoelas-
tic properties of cells, there are two very well established 
methods of investigating the mechanical response of sam-
ples: either by monitoring the relaxation after a step in 
stress (here force) or strain (here indentation) has been 
applied, or by applying a sinusoidally modulated stress 
(or strain) and measuring the responses of the sample over 
an extended frequency range. In our experimental setup, 
both strain and stress are not constant, since strain will be 
proportional to indentation and stress will be a function 
of force (i.e., proportional to deflection) and contact area. 
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Since deflection will change non-linearly (e.g., accord-
ing to the Hertz model), both quantities will change in a 
complicated fashion. Nevertheless, in the framework of our 
analysis, we need to assume that the material acts linearly, 
so that we can deal with strain and stress not being con-
stant. So, the main assumption here, linearity of the mate-
rial response, is sufficient and would have to be assumed 
even in a constant stress or strain situation.

Complex soft matter like the cytoskeleton of cells will 
exhibit multiple relaxation times, related to different molec-
ular or physical processes occurring in the network. This 
will result in a power law behavior over some frequency 
ranges in rheological measurements, as has been observed 
and used for analysis of cellular viscoelastic properties 
(Hecht et al. 2015). Conceptually, this power law behavior 
is a consequence of an infinite number of relaxation pro-
cesses or times. However, any real system will exhibit a 
fastest relaxation process (given by the fastest mode with 
which polymers can deform) and a slowest relaxation pro-
cess, which will be given in our case by the slowest global 
deformation of the cell. This slowest mode will be the most 
prominent in our experimental scheme, and has a relaxa-
tion time around 50.100 ms. Our detection system (the 
AFM cantilever) has a very low resonance frequency, so it 
will only detect relaxation times up to 1 ms (or less). Thus, 
our experimental data (due to the limited time resolution) 
will not justify the use of a power law model. We have tried 
to fit multiple exponentials to our data, however since in a 
stress relaxation experiment the time scale cannot be set (as 
in a modulation experiment), we were only able to clearly 
determine a single relaxation time. Therefore, here we used 
the simplest model, employing only one relaxation time, 
since in our experimental scheme the main relaxation time 
will dominate the observed behavior of the cell. However, 
under different experimental conditions, or with different 
cell types, it may be necessary to extend our model, which 
can be easily accomplished.

From a cell-biological point of view, this time scale may 
actually also be the most interesting one, because this is 
the intrinsic time scale at which cells will react to external 
stimuli or generate active forces and motion. Faster motions 
may be present, but global motion or shape changes of the 
cell will happen at this time scale, where consequently 
active processes will become predominantly visible. This is 
indeed the time scale where passive micro rheology experi-
ments show deviations from the passive behavior of cells 
(Ahmed et al. 2015).

Normal‑cancer cell behavior on soft gels versus Petri 
dishes

In cancer research, cell mechanics has proved to be a valid 
tool for discriminating between normal and diseased cells 

(Lekka et al. 2012a; Lekka and Laidler 2009). Many studies 
have reported that cancer cells are softer than normal cells 
(Lekka et al. 1999; Prabhune et al. 2012) when investigated 
on conventional culture substrates, such as plastic Petri 
dishes. Here, we found a different behavior when compar-
ing stiffness values of normal and cancer cells on soft gels 
or Petri dishes. In fact, we found that thyroid cancer cells 
tended to be stiffer than normal cells when seeded on soft 
gels (Figs. 1a, 3a, b). By contrast, on Petri dishes, we found 
that cancer cells were softer than the normal counterparts 
(as generally recognized). This behavior could be a conse-
quence of the metastatic phenotype of cancer cells, which 
attempt to indent soft gels, like in the tissue-invasion pro-
cess of metastatic events, and this may result in cancer cells 
with higher stiffness values compared to the case of normal 
cells. This hypothesis is in accordance with recent studies 
suggesting that cancer cells apply lateral forces on soft pol-
yacrylamide gels (Kristal-Muscal et al. 2015) and traction 
stresses during the initial stages of invasion into surround-
ing matrices (Aung et al. 2014). Furthermore, an increase 
of stiffness of metastatic cancer cells during invasion into 
collagen I matrices was reported in a recent work (Staunton 
et al. 2016). Nevertheless, an extensive investigation is still 
required in order to compare our findings with the behav-
ior of different cell types as well as to unravel the reasons 
inducing this loss of stiffness sensing in cancer cells.

Conclusions

In this work, we compared the mechanical response of can-
cer and normal thyroidal cells adherent on different stiff-
ness gels, namely soft and stiff polyacrylamide gels and 
Petri dishes, since they are conventionally used in cell cul-
ture applications. Significantly different responses were 
measured, corroborating the idea that the way cancer and 
normal cells respond to mechanical cues from their envi-
ronment is fundamentally different. When Young’s mod-
uli of cells are calculated from conventional AFM force 
curves, the viscous response of cells is not adequately con-
sidered; thus the loading (approach) or unloading (retract) 
data differ markedly. Here, we applied a step in z-height, 
while the tip was in contact with the cell and recorded the 
strain and stress relaxation of cells after mechanical stimu-
lation. This allowed extracting both the elastic modulus 
and the dynamic viscosity of cells. We found that normal 
thyroidal cells adapted their mechanical properties to the 
stiffness of the underlying gels investigated in this work, 
whereas cancer cells (from the same type of tissue) appar-
ently did not react to changes in substrate stiffness. Nor-
mal cells showed an increase of the elastic modulus from 
1.2 to 1.6 and to 2.6 kPa with increasing sample stiffness, 
while cancer cells showed values around 1.3 kPa, virtually 
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independent of sample stiffness. The dynamic viscosity 
changed from 230 to 515 and to 470 Pa·s with increasing 
substrate stiffness for normal cells, while it was on average 
300 Pa·s for cancer cells on all the substrates. Furthermore, 
we found that thyroidal cancer cells were stiffer than nor-
mal cells on soft gels, in contrast to the case of cells seeded 
on conventional cell culture systems, such as Petri dishes.

These results demonstrate that cancer and normal cells 
adapt differently to changes in substrate stiffness. This dif-
ference may play an important role in cancer diagnosis, 
treatment, and clinical applications, helping to discrimi-
nate between cancer and normal cells, evaluate the effect of 
drug treatments, or unravel complex cancer processes such 
as metastasis formation.
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Appendix

Cell actin staining

Forty-eight hours after seeding on gels and Petri dishes, 
cells were fixed with 3.7 % formaldehyde for 15 min and 
then permeabilized with 0.1 % Triton X100 for 15 min. 
Samples were washed with PBS after each step and then 
incubated with a rhodamine phalloidin solution (5:200 
dilution in PBS) for 30 min at 20 °C. Finally, cells were 
stored in PBS at 4 °C until image acquisition. An Axiovert 
135 TV epifluorescence microscope (Carl Zeiss MicroIm-
aging GmbH, Germany) was used to observe cells and col-
lect fluorescent images (Fig. 5).

Fig. 5  Fluorescent images of normal and cancer thyroidal cells 
labeled with rhodamine phalloidin (actin cytoskeleton). The upper 
panels show normal cells seeded on soft (a) and stiff (b) PA gels and 

on Petri dish (c). The lower panels show cancer cells, seeded on soft 
(d) and stiff (e) PA gels and on Petri dish (f). Scale bars are 50 μm
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Analysis of stress relaxation data

To analyze stress relaxation data, we assume that the sample 
can be described with the general linear solid model (Fig. 6).

The force balance is given in the static case (directly 
after the step) by the following equation:

where kc is the force exerted by the cantilever, k1 and k2 is 
the forces exerted by the two springs. After relaxation F2 
will be zero.

The force in the Maxwell element has to obey the fol-
lowing dynamic equation:

By fitting an exponential function (that was the more 
adequate to describe our results, see Fig. 7) to the deflec-
tion data, we determined the fit parameters ∆d, a, and τ.

In details, before applying the step the force equilibrium 
will be:

where z1, d1 and δ1 are the z-position, the deflection and 
the indentation in contact with the sample, respectively. 

(1)
Fc =F1 + F2

F2 = kc ∗ d − k1 ∗ δ

(2)δ̇ =
Ḟ2

k2
−

F2

f

(3)kc ∗ d1 = ks ∗ δ1 = ks ∗ (z1 − d1)

Since the forces are in equilibrium at this point, we can 
simplify our calculations such that:

When applying a z-step, the z-height will change to:

After relaxation, the deflection d2 will be:

The spring k2 will be relaxed due to the creep of the vis-
cous damping element f, so the force balance looks like:

So, we can derive the spring constant k1 from the meas-
urable quantities ∆d and ∆z:

After the step the force balance will be:

(4)d1 = z1 = δ1 = 0

(5)z2 = z1 +�z = �z

(6)d2 = d1 +�d = �d

(7)
kc ∗ d2 = k1 ∗ δ2 = k1 ∗ (z2 − d2)

kc ∗�d = k1(�z −�d)

(8)k1 = kc
�d

�z −�d

(9)

kc ∗ d3 =(k1 + k2) ∗ δ3
kc(�d + a) =(k1 + k2) ∗ (z2 − d3)

kc(�d + a) =(k1 + k2) ∗ (�z −�d − a)

Fig. 6  Standard linear solid model. The sample is modeled by a 
Zener element, where a spring k1 is in parallel to a Maxwell element, 
consisting of a spring k2 and a viscous damping element f. The can-
tilever is characterized by its spring constant kc. Viscous (hydrody-
namic) damping of the cantilever is neglected here, due to the slow 
stress relaxation of the sample, which is the predominant contribution
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Therefore we can derive the spring constant k2

To describe the stress relaxation, we use the following 
relaxation process ansatz:

Therefore, Eq. (2) will change to:

From Eqs. (1), (11) and (12) we can get:

The time constant τ is not the true intrinsic relaxation 
time τ*  of the Zener element, but the apparent relaxa-
tion time constant of the Zener element plus the cantilever 
spring. The intrinsic time constant τ*  is given by:

(10)k2 = kc
�d + a

�z −�d − a
− k1

(11)d = d2 − d1 + a ∗ e−
t
/τ = �d + a ∗ e−

t
/τ

(12)δ̇ = a ∗
1

τ
∗ e−

t
/τ

(13)f = k2 ∗ τ ∗
kc + k1

k2 + kc + k1

(14)τ ∗ =
f

k2
= τ ∗

kc + k1

k2 + kc + k1

Calculating elastic moduli and dynamic viscosity

When using pyramidal indenters, the elastic response is typ-
ically described by the Hertz model, which basically consid-
ers the increasing contact area when indentation increases.

In the case of a pyramidal tip with opening angle α, 
elastic modulus E and Poisson ratio ν, we find the fol-
lowing relation between indentation δ and loading force 
F:

The spring constant of a sample showing a Hertzian 
response can be found by taking the derivative. This force 
constant will depend on force F0 or indentation δ0 at which 
it is calculated (or measured):

Since the indentation is not measured directly, but 
the deflection is, we use Eq. 15 to replace indentation 
by force, which is deflection times the cantilever’s force 
constant:

(15)F =
1√
2
∗

E

1− ν2
∗ tan α ∗ δ2

(16)kHertz =
∂F

∂δ

∣

∣

∣

∣

δ=δ0

= 2 ∗
1√
2
∗

E

1− ν2
∗ tan α ∗ δ0

Table 1  Numerical results of 
moduli of normal thyroidal 
cells, presented in Fig. 3 of the 
main text (with blue markers): 
Young modulus approach 
(a.) and retract (r.) calculated 
from force curves; elastic 
modulus and dynamic viscosity 
calculated from the loading 
(l.) and unloading (u.) steps in 
stress relaxation experiments

Bold values represent the median values

Normal cells

Soft gel Stiff gel Petri dish

25th Median 75th 25th Median 75th 25th Median 75th

Young’s modulus a. (Pa) 251 509 743 562 845 1351 785 1190 1935

Young’s modulus r. (Pa) 2870 6185 8551 7573 11302 14017 9090 14422 22396

Elastic modulus l. (Pa) 776 1190 1834 1043 1543 2425 1574 2597 4876

Elastic modulus u. (Pa) 753 1187 1885 1130 1637 2604 1640 2714 5123

Dynamic viscosity l. (Pas) 148 224 343 349 516 713 309 496 918

Dynamic viscosity u. (Pas) 131 216 328 291 460 664 261 447 890

Table 2  Numerical results of 
moduli of cancer thyroidal cells, 
presented in Fig. 3 of the main 
text (with red markers): Young’s 
modulus approach (a.) and 
retract (r.) calculated from force 
curves; elastic modulus and 
dynamic viscosity calculated 
from the loading (l.) and 
unloading (u.) steps in stress 
relaxation experiments

Bold values represent the median values

Cancer cells

Soft gel Stiff gel Petri dish

25th Median 75th 25th Median 75th 25th Median 75th

Young’s modulus a. (Pa) 676 963 1443 483 867 1605 486 721 1053

Young’s modulus r. (Pa) 5073 7240 10822 3258 6160 10851 4061 7207 11773

Elastic modulus l. (Pa) 1068 1565 2263 824 1243 2611 952 1335 1811

Elastic modulus u. (Pa) 1142 1607 2341 814 1295 2655 1012 1399 1948

Dynamic viscosity l. (Pas) 185 296 439 146 237 349 232 357 561

Dynamic viscosity u. (Pas) 173 294 440 144 226 363 220 344 554
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(17)

δ0 =

√

F0 ∗
√
2 ∗

1− v2

E
∗

1

tan α

=

√

kc ∗ d0 ∗
√
2 ∗

1− v2

E
∗

1

tan α

So, we can replace δ0 in Eq. 16 and get the force constant 
as a function of the measurable quantity d0, the deflection 
value at which the force constant is measured or calculated:

(18)

kHertz =2 ∗
1√
2
∗

E

1− v2
∗ tan α ∗

√

F0 ∗
√
2 ∗

1− v2

E
∗

1

tan α

kHertz =
√

2 ∗
√
2 ∗

E

1− v2
∗ tan α ∗ F0

Fig. 8  Statistical analysis on 
Young’s moduli approach (a) 
and retract (b) from conven-
tional force curves; elastic 
moduli E, loading (c) and 
unloading (d) and dynamic vis-
cosity η, loading (e) and unload-
ing (f) from stress relaxation 
experiments. In each matrix, 
cancer and normal cell cases 
are enclosed by red and blue 
lines, in the upper right and 
lower left corners, respectively. 
Differences are considered 
significant when p < 0.05 (green 
boxes) and not significant when 
p > 0.05 (black boxes)
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In a stress relaxation experiment, we actually measure 
the spring constants k1 and k2 of our sample, so we can 
invert Eq. 18 to convert spring constants in the correspond-
ing moduli:

The dynamic viscosity η in the linear standard solid 
model can be written as:

where τ ∗ is the intrinsic relaxation time as defined in 
Eq. 14.

Numerical results of cell moduli

Tables 1 and 2 show the numerical results presented in 
Fig. 3 in the main text for normal and cancer cells, respec-
tively. Data are presented as median values and error bars 
show the 25th and 75th percentiles.

Statistical analysis of moduli between substrates

Differences between the moduli presented in Fig. 3 were 
determined with the Wilcoxon signed-rank test, calcu-
lated in IGOR, and considered significant when p < 0.05. 
We first calculated the median values of each force map, 
grouped them by cell type (normal and cancer) and sub-
strate (soft and stiff gels, Petri dish), and checked whether 
the differences between groups were significant. Since 
the distribution of the data is not Gaussian, we could not 
refer to a t test, but had to use a Wilcoxon rank test, which 
has no assumptions on the distribution of data. We pre-
sent here only significance values when comparing data 
from the same cell type on different substrates, since the 
hypothesis is that cancer and normal cells react differ-
ently on alterations of substrate stiffness. On a particular 
substrate, there may be (and actually are) differences also 
between the cell types, which we ignore here in the pres-
entation. Significance data are presented as 2D matrixes, 
where each colored box presents one comparison (soft 
vs. stiff; soft vs. Petri, stiff vs. Petri). Since this matrix 
will be symmetrical, we plotted in the lower left corner 
the values for normal cells and in the upper right corner 
those for cancer cells. The significance values are color-
coded such that all values below 0.05 show up as green, 
and all others as black. In this way, we can easily pick up 
differences between cancer and normal cells. Six matrixes 
are reported in Fig. 8 for each quantity presented in Fig. 3 
(Young’s modulus from approach and retract, elastic 
modulus, and dynamic viscosity, each from loading and 
unloading steps).

(19)E1/2 = k2
1/2 ∗

1

2 ∗
√
2
∗

1

tan α
∗
(

1− v2
)

∗
1

F0

(20)η = E2 ∗ τ ∗

It is apparent that for all quantities we have calcu-
lated, the values from normal cells are significantly 
different, virtually between all substrate combinations, 
whereas in the case of cancer cells the opposite behav-
ior is true: virtually all quantities show non-significant 
differences between substrates.
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Lekka M, Gil D, Pogoda K, Dulińska-Litewka J, Jach R, Gostek J, 
Klymenko O, Prauzner-Bechcicki S, Stachura Z, Wiltowska-
Zuber J (2012a) Cancer cell detection in tissue sections using 
AFM. Arch Biochemi Biophys 518:151–156

Lekka M, Pogoda K, Gostek J, Klymenko O, Prauzner-Bechcicki S, 
Wiltowska-Zuber J, Jaczewska J, Lekki J, Stachura Z (2012b) 
Cancer cell recognition—mechanical phenotype. Micron 
43:1259–1266

Li Q, Lee G, Ong C, Lim C (2008) AFM indentation study of breast 
cancer cells. Biochem Bioph Res Co 374:609–613

Lin HH, Lin HK, Lin IH, Chiou YW, Chen HW, Liu CY, Harn HIC, 
Chiu WT, Wang YK, Shen MR, Tang MJ (2015) Mechanical 

phenotype of cancer cells: cell softening and loss of stiffness 
sensing. Oncotarget 6:20946–20958

Luby-Phelps K (2000) Cytoarchitecture and physical properties of 
cytoplasm: volume, viscosity, diffusion, intracellular surface 
area. Int Rev Cyt 192:189–221

Margraves C, Kihm K, Yoon SY, Choi CK, Lee Sh, Liggett J, Baek 
SJ (2011) Simultaneous measurements of cytoplasmic viscosity 
and intracellular vesicle sizes for live human brain cancer cells. 
Biotechnol Bioeng 108:2504–2508

Martins-Green M, Bissell M (1995) Cell-ECM interactions in devel-
opment. Semin Develop Biol 6:149–159

Mason TG, Gisler T, Kroy K, Frey E, Weitz DA (2000) Rheology 
of F-actin solutions determined from thermally driven tracer 
motion. J Rheol 44:917–928

Moreno-Flores S, Benitez R, Vivanco M, Toca-Herrera JL (2010a) 
Stress relaxation and creep on living cells with the atomic force 
microscope: a means to calculate elastic moduli and viscosities 
of cell components. Nanotechnology 21:445101

Moreno-Flores S, Benitez R, Vivanco M, Toca-Herrera JL (2010b) 
Stress relaxation microscopy: imaging local stress in cells. J Bio-
mech 43:349–354

Needham D, Hochmuth R (1990) Rapid flow of passive neutrophils 
into a 4 μm pipet and measurement of cytoplasmic viscosity. J 
Biomech Eng 112:269–276

Nipper ME, Majd S, Mayer M, Lee JC-M, Theodorakis EA, Haidek-
ker MA (2008) Characterization of changes in the viscosity of 
lipid membranes with the molecular rotor FCVJ. BBA-Biomem-
branes 1778:1148–1153

Planus E, Fodil R, Balland M, Isabey D (2002) Assessment of 
mechanical properties of adherent living cells by bead microma-
nipulation: comparison of magnetic twisting cytometry vs opti-
cal tweezers. J Biomech Eng 124:408–421

Pogoda K, Jaczewska J, Wiltowska-Zuber J, Klymenko O, Zuber K, 
Fornal M, Lekka A (2012) Depth-sensing analysis of cytoskel-
eton organization based on AFM data. Eur Biophys J 41:79–87

Prabhune M, Belge G, Dotzauer A, Bullerdiek J, Radmacher M 
(2012) Comparison of mechanical properties of normal and 
malignant thyroid cells. Micron 43:1267–1272

Radmacher M (1997) Measuring the elastic properties of biological 
samples with the atomic force microscope. IEEE Eng Med Bio 
16:47–57

Rebelo LM, de Sousa JS, Mendes Filho J, Radmacher M (2013) 
Comparison of the viscoelastic properties of cells from different 
kidney cancer phenotypes measured with atomic force micros-
copy. Nanotechnology 24:055102

Rianna C, Radmacher M (2016) Cell mechanics as a marker for 
diseases: biomedical applications of AFM. AIP Conf Proc 
1760:020057

Rico F, Roca-Cusachs P, Gavara N, Farré R, Rotger M, Navajas D 
(2005) Probing mechanical properties of living cells by atomic 
force microscopy with blunted pyramidal cantilever tips. Phys 
Review E 72:021914

Roan E, Wilhelm K, Bada A, Makena PS, Gorantla VK, Sin-
clair SE, Waters CM (2012) Hyperoxia alters the mechanical 
properties of alveolar epithelial cells. AM J Physiol-Lung C 
302:L1235–L1241

Sen S, Kumar S (2012) Contributions of talin-1 glioma cell-matrix 
tensional homeostasis. J R Soc Interface 9:1311–1317

Sen S, Dong M, Kumar S (2009) Isoform-specific contribu-
tions of α-actin to glioma cell mechanobiology. PLoS ONE 
4:e8427–e8427

Staunton JR, Doss BL, Lindsay S, Ros R (2016) Correlating confo-
cal microscopy and atomic force indentation reveals metastatic 
cancer cells stiffen during invasion into collagen I matrices. Sci-
entific Reports 6:19686



324 Eur Biophys J (2017) 46:309–324

1 3

Steeg PS (2006) Tumor metastasis: mechanistic insights and clinical 
challenges. Nat Med 12:895–904

Sunyer R, Jin AJ, Nossal R, Sackett DL (2012) Fabrication of hydro-
gels with steep stiffness gradients for studying cell mechanical 
response. One 7:e46107

Suresh S (2007) Biomechanics and biophysics of cancer cells. Acta 
Mater 55:3989–4014

Thomas G, Burnham NA, Camesano TA, Wen Q (2013) Measur-
ing the mechanical properties of living cells using atomic force 
microscopy. J Vis Exp 76:e50497

Tse JR, Engler AJ (2010) Preparation of hydrogel substrates with 
tunable mechanical properties. Curr Protoc Cell Biol Chap-
ter 10:Unit 10 16

Ulrich TA, de Juan Pardo EM, Kumar S (2009) The mechanical rigid-
ity of the extracellular matrix regulates the structure, motility, 
and proliferation of glioma cells. Cancer Res 69:4167–4174

Ventre M, Netti PA (2016) Engineering cell instructive materi-
als to control cell fate and functions through material cues and 
surface patterning. ACS Appl Mater Interfaces. doi:10.1021/
acsami.5b08658

Ventre M, Causa F, Netti PA (2012) Determinants of cell–material 
crosstalk at the interface: towards engineering of cell instructive 
materials. J R Soc Interface 9:2017–2032

Wong SY, Ulrich TA, Deleyrolle LP, MacKay JL, Lin J-MG, Martus-
cello RT, Jundi MA, Reynolds BA, Kumar S (2015) Constitutive 
activation of myosin-dependent contractility sensitizes glioma 
tumor-initiating cells to mechanical inputs and reduces tissue 
invasion. Cancer Res 75:1113–1122

Woodhouse EC, Chuaqui RF, Liotta LA (1997) General mechanisms 
of metastasis. Cancer 80:1529–1537

Yamaguchi H, Condeelis J (2007) Regulation of the actin cytoskele-
ton in cancer cell migration and invasion. Biochim Biophys Acta 
1773:642–652

Yango A, Schäpe J, Rianna C, Doschke H, Radmacher M (2016) 
Measuring the viscoelastic creep of soft samples by step 
response AFM. Soft Matter. doi:10.1039/C6SM00801A

Yarnell J, Baker IA, Sweetnam PM, Bainton D, O’Brien JR, White-
head PJ, Elwood PC (1991) Fibrinogen, viscosity, and white 
blood cell count are major risk factors for ischemic heart disease. 
The Caerphilly and Speedwell collaborative heart disease stud-
ies. Circulation 83:836–844

Zhang H, Liu K-K (2008) Optical tweezers for single cells. J R Soc 
Interface 5:671–690

http://dx.doi.org/10.1021/acsami.5b08658
http://dx.doi.org/10.1021/acsami.5b08658
http://dx.doi.org/10.1039/C6SM00801A

	Comparison of viscoelastic properties of cancer and normal thyroid cells on different stiffness substrates
	Abstract 
	Introduction
	Materials and methods
	General materials
	Substrate preparation
	Cell culture
	AFM experiments
	AFM force curves
	AFM data analysis

	Results
	Discussion
	Cell response to mechanical signals
	Elastic properties of cells
	Viscous properties of cells
	Stress relaxation versus force curves
	Stress relaxation versus modulation experiments
	Normal-cancer cell behavior on soft gels versus Petri dishes

	Conclusions
	Acknowledgments 
	References




