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The viscoelasticity of adherent cells follows a
single power-law with distinct local variations
within a single cell and across cell lines

Juan G. Sanchez, Francisco M. Espinosa, Ruben Miguez and
Ricardo Garcia *

AFM-based force–distance curves are commonly used to characterize the nanomechanical properties of

live cells. The transformation of these curves into nanomechanical properties requires the development

of contact mechanics models. Spatially-resolved force–distance curves involving 1 to 2 μm deformations

were obtained on HeLa and NIH 3T3 (fibroblast) cells. An elastic and two viscoelastic models were used

to describe the experimental force–distance curves. The best agreement was obtained by applying a

contact mechanics model that accounts for the geometry of the contact and the finite-thickness of the

cell and assumes a single power-law dependence with time. Our findings show the shortcomings of

elastic and semi-infinite viscoelastic models to characterize the mechanical response of a mammalian

cell under micrometer-scale deformations. The parameters of the 3D power-law viscoelastic model,

compressive modulus and fluidity exponent showed local variations within a single cell and across the

two cell lines. The corresponding nanomechanical maps revealed structures that were not visible in the

AFM topographic maps.

The last 15 years have seen the consolidation of a live cell as a
system that responds to mechanical interactions and bio-
chemical processes. This realization emphasises the close
relationship among mechanical forces, cell shape and
physiology.1–5 The field of mechanobiology is stimulating the
development of sensitive, quantitative and high-spatial resolu-
tion methods based on mechanical probes and
interactions.6–13 Atomic force microscopy (AFM) is playing a
significant role in advancing of our understanding of the
mechanical response of a live cell.6,14–16 High-spatial resolu-
tion imaging, force spectroscopy capabilities, non-invasive-
ness, nanomechanical mapping and operation in biological
buffers are features exploited to advance our understanding of
the properties at the single cell level.

The intrinsic heterogeneity of a cell or the lack of a gener-
ally accepted contact mechanics model to fit the data and the
changes of a cell (shape) during a measurement complicate
the interpretation and/or standardization of AFM measure-
ments on cells. Commonly, Sneddon expressions17 are used to
fit AFM-based force–distance curves (FDCs). However, the
finite-thickness of a mammalian cell might preclude the use
of Sneddon expressions to determine the elastic modulus of a

cell (see below).16 The above issue has led to a paradoxical situ-
ation. At a qualitative level, AFM measurements show a high
degree of reproducibility. The observation that a cancer cell is
softer than a non-malignant cell has been reproduced by many
groups.18–22 Similarly, AFM data have firmly established that
drug inhibitors of actin polymerization reduce the Young’s
modulus.23,24,54 On the other hand, the values of the Young’s
modulus measured on cells of the same line might differ by
5-fold.25 Even the methodology applied to determine the
Young’s modulus of a cell might be questionable. After all, a
large body of experimental data has shown conclusive
evidence about the viscoelastic response of a mammalian
cell.7,16,24,26–31

Here we aim to clarify the complex nanomechanical
response of a mammalian cell as determined from AFM force–
distance curves on three aspects. First, by showing that the
intrinsic viscoelastic response of a cell is preserved in a force–
distance curve measurement. Second, by implementing an
analytical force reconstruction model that provides a faithful
representation of the mechanical state of a live cell. This
model which is called 3D power-law viscoelasticity (3D-PLR)
hereafter expresses the dependence of the force exerted on a
cell by a conical tip in terms of the indentation, the cell’s
thickness, the compressive modulus at an arbitrary time t0 and
the fluidity exponent. Third, by showing that the compressive
modulus and the fluidity exponent characterize the spatially-
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dependent nanomechanical response of a cell within the same
cell line and across different cell lines. Specifically, we show
that cytoplasmatic regions have more liquid-like properties
than nuclear regions. By performing experiments on fibro-
blasts (NIH 3T3) and HeLa cells, we demonstrate that the
finite-thickness of a cell must be accounted for to determine
mechanical parameters from force–distance curves. In
summary, our results underline the robustness of the compres-
sive modulus and the fluidity exponent to characterize the
mechanical state of a mammalian cell under micrometer
deformations performed at low frequencies.

Results and discussion

We analyse separately the role of the contact mechanics
models, cell’s finite-thickness and the spatial heterogeneity of
the nanomechanical parameters extracted from force–distance
curves.

Theory and contact mechanics models to determine force–
distance curves

We have considered three contact mechanics models to deter-
mine the nanomechanical parameters extracted from a force–
distance curve. An elastic model that incorporates bottom
effect corrections.32 A linear viscoelastic model which accounts
for the deformation history (approach versus retraction) and
incorporates bottom effect corrections.33 Finally, we
have implemented a power-law viscoelastic model that incor-
porates both the deformation history and bottom effect
corrections.31

A 3D elastic model for a finite-thickness cell

Pyramidal tips are commonly used to perform AFM experi-
ments on cells. A conical tip might offer the closest axisym-
metric geometry to model a pyramidal tip. Sneddon derived an
expression to determine the force exerted by a conical tip on a
semi-infinite elastic sample as a function of the indentation I,
the semi-angle of the cone θ, the Poisson’s ratio ν and the
effective Young’s modulus E of the cell17

F ¼ 2 tan θ

π 1� ν2ð ÞEI
2 ¼ 8 tan θ

3π
EI2 ð1Þ

Starting from the above expression, Garcia and Garcia devel-
oped an analytical expression to determine the force exerted
by a conical tip on a cell of thickness h that rests on a rigid
solid support,34

F ¼ 8 tan θ

3π
EI2 1þ 0:721

tan θI
h

þ 0:650
tan θI

h

� �2�

þ0:491
tan θI

h

� �3

þ0:225
tan θI

h

� �4� ð2Þ

Eqn (2) enables to determine the Young’s modulus of a cell
without the influence of the rigid support. In this context, a

polynomial expansion in terms of (I/h)n is commonly called
bottom-effect correction.8,16

A 3D linear viscoelastic model for a finite-thickness cell

This model combines the standard Kelvin–Voigt model which
consists in a 1D elastic spring in parallel to a 1D viscous
element (dashpot) with the geometry of the deformation25

F ¼ 2 tan θ

π 1� ν2ð Þ I 6ηvþ EIð Þ

¼ 8 tan θ

3π
I 6ηvþ EIð Þ

ð3Þ

where η is the shear viscosity coefficient and v is the velocity of
the indentation. Its bottom effect correction was developed in
ref. 33

F ¼ 8 tan θ

3π
EI 6ηvþ EIð Þ½

þ 0:721
tan θI

h
9ηvþ EIð Þ

þ 0:650
tan θI

h

� �2

12ηvþ EIð Þ

þ 0:491
tan θI

h

� �3

15ηvþ EIð Þ

þ0:225
tan θI

h

� �4

18ηvþ EIð Þ
�
:

ð4Þ

A 3D power law viscoelastic model for a finite-thickness cell

Kollmannsberger and Fabry proposed that the mechanical
response of a cell to an external force might be explained in
terms of the viscoelastic properties of soft glassy materials.27,28

This model postulates that the creep compliance follows a
power law dependence on time ( J = J0t

γ). This response might
involve a broad distribution of relaxation times. This insight
opened the development and/or implementation of power-law
models to fit the FDCs measured by AFM.31,34–43 We have con-
sidered that the modulus of a cell follows a single power-law
dependence with time characterized by two parameters, E0 and
γ,

E ¼ E0
t
t0

� ��γ

ð5Þ

E0 is defined as the compressive modulus of the material at
time t0 and γ is called the fluidity exponent. In a previous pub-
lication32 we defined E0 as the Young’s modulus at a time of 1
s. However, we prefer to use the term compressive modulus to
avoid the identification with an elastic modulus. A value of the
fluidity exponent γ = 0 indicates an elastic solid while γ = 1
indicates a viscous liquid. Based on the above power-law
equation, Garcia, Guerrero and Garcia31 deduced an analytical
expression to determine the force as a function of indentation.
The model accounts for the geometry of the contact, the finite-
thickness of a cell and the history of the deformation. The
analytical force expression was deduced in several steps. First,
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the force was deduced for a semi-infinite, incompressible (ν =
0.5) power-law viscoelastic material,

F ¼ 2 tan θ

π 1� ν2ð Þ 2E0I
2 t

t0

� ��γΓ 2ð ÞΓ 1� γð Þ
Γ 3� γð Þ

¼ 8 tan θ

3π
2E0I2

t
t0

� ��γΓ 2ð ÞΓ 1� γð Þ
Γ 3� γð Þ

ð6Þ

where Γ is the gamma function. Second, a bottom effect cor-
rection was introduced34

F ¼ 8 tan θ

3π
E0I2

t
t0

� ��γ

2
Γ 2ð ÞΓ 1� γð Þ
Γ 3� γð Þ

�

þ 0:721 � 3 tan θI
h

Γ 3ð ÞΓ 1� γð Þ
Γ 4� γð Þ

þ 0:650 � 4 tan θI
h

� �2Γ 4ð ÞΓ 1� γð Þ
Γ 5� γð Þ

þ 0:491 � 5 tan θI
h

� �3Γ 5ð ÞΓ 1� γð Þ
Γ 6� γð Þ

þ0:225 � 6 tan θI
h

� �4Γ 6ð ÞΓ 1� γð Þ
Γ 7� γð Þ

�
:

ð7Þ

Third, we applied Ting’s procedure44 to determine the
contact area during the tip’s withdrawal. A force–distance
curve measurement involves the acquisition of the force as the
tip approaches the cell and withdraws from it. The viscoelastic
response implies the existence of a time shift between the
maximum force and the maximum indentation. To determine
the force applied to a viscous material during the withdrawal
we applied the following transformations

I tð Þ ¼ vappt; t � tmax

vapptmax � vret t� tmaxð Þ; t > tmax

�
! v tð Þ

¼ vapp; t � tmax

�vret; t > tmax

�
ð8Þ

tTing ¼ t�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ vret

vapp
1�γ

r
t� tmaxð Þ ð9Þ

where vapp and vret are the velocities during approach and
retraction, respectively; tTing is the time from the approach
curve which had a contact area identical to the one at time t.

Experimental force–distance curves

To access the cell’s nanomechanical properties we have used
force–distance curves generated using a triangular waveform.
An FDC can be directly compared to a theory without making
any implicit assumption on the experimental data. The com-
parison provides a direct assessment of the validity of the
theory to describe the data. To the best of our knowledge, this
is a distinct feature with respect other methods aimed to
measure viscoelastic properties.

The AFM data were used to plot the force as a function of
time or indentation. The relevant AFM observations were the
cantilever deflection, the z-piezo displacement and the displa-
cement at which the tip contacts the cell surface. The distance
was considered negative when the tip is indenting the cell. The

indentation was stopped when the force reached a threshold
level of 3 nN.

Fig. 1a shows a sequence of 5 FDCs obtained on the same
spot of a HeLa cell. The thick line is the mean value. The tri-
angular waveform and the dependence of the z-tip deflection
with time are shown in Fig. 1b. Fig. 1c shows a compact repre-
sentation of the FDC as a function of indentation.

Fig. 1 Force–distance curves obtained on HeLa cells. (a) The force is
represented versus the z-piezo displacement. This is the most common
representation of a FDC. Five successive curves are shown (grey). The
thick curve shows the mean value (b). Mean curve plotted as a function
of time. The right axis shows the indentation signal. (c) Compact repre-
sentation of a FDC. The force is represented as a function of the tip’s
indention on the cell. Curves obtained over a region on top of the
nucleus. Parameters: Fpeak = 3 nN; v = 10 µm s−1 ( fm ≈ 3.5 Hz); k = 0.075
N m−1; FDC acquisition rate 500 points per µm; h = 5 µm.
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The acquisition of a FDC implies the selection of a velocity
or a modulation frequency. The velocity is easily determined
for a triangular waveform; however, the contact time or its
inverse ( fm = 1/tc) provides more information on the cell’s
nanomechanical response. Indeed, the nanomechanical
response of a live cell does depend on the tip’s modulation fre-
quency or velocity.10,24 To simplify the discussion and
interpretation of the experimental data, we have chosen a vel-
ocity of 10 µm s−1 (tc = 0.27 s, fm = 3.7 Hz). A velocity of
10 µm s−1 provides a good compromise between moderately
quick data acquisition speed and yet the measured parameters
are representative of cell’s response in the 0.5–5 Hz range.

Elastic versus viscoelastic descriptions of a live cell

The implications derived from the intrinsic viscoelastic nature
of a mammalian cell have yet to reach a general acceptance. For
example, a large number of AFM-based studies are based on the
use of elastic contact mechanics models.46 An FDC reveals that
the approaching and retraction sections of the force–distance
curve do not overlap. The hysteresis implies the existence of
energy dissipative processes inside a cell.45,47,48 It must be
noted that creep and other non-linearities in the z-piezo displa-
cement might also introduce hysteresis in an FDC. Those
effects must be removed before processing the data to deter-
mine the genuine viscoelastic parameters of a cell.

Fig. 2 shows some FDCs obtained on HeLa and NIH 3T3
cells. The 3D elastic model leads to two Young’s modulus
values depending on the section of the FDC used for the
fitting (approach or retraction). For both cell lines, the
modulus obtained during the retraction is about 3 times
higher than the one obtained during the approach. The exist-
ence of two values should question the use of elastic models.
The AFM community has resorted to present the data obtained
during the approach without providing a proper justification.

Fig. 3 compares the experimental FDCs to the force
expressions of the viscoelastic models. The 3D linear visco-
elastic model (3D-KV) provides an excellent fitting to the
approach section for both cell lines. However, it shows a step
discontinuity at the turning point which prevents a good
fitting of the retraction section of the FDC. This artefact is
associated with the change in the sign of the velocity.
Therefore, we do not recommend the use of the 3D-KV model
if the FDC was generated using a triangular waveform. On the
other hand, the 3D-PLR model does provide a good fitting for
the both sections (approach and retraction). This agreement
cannot be considered fortuitous because the model has just
two parameters. For this reason, in the next sections, the
3D-PLR model will be used to describe the nanomechanical
response of live cells.

From the above analysis, we conclude that the nanomechani-
cal response of a cell cannot and should not be described by an
elastic model. This conclusion comes from three reasons. First,
the values Ea and Er are very different. Second, the values of the
Young’s modulus do not coincide with the effective modulus
provided by a viscoelastic model. Third, the FDCs show hyster-
esis and the existence of energy dissipative processes.

It is not straightforward to understand 3D power-law rheol-
ogy in terms of physical concepts. However, we consider that
different effects such as poroelasticity50 and the hydrodynamic
drag of cell’s organelles13 contribute to 3D power law rheology.

Influence of the elastic modulus on the solid support

Commonly AFM experiments are performed on cells cultured
on rigid supports such as Petri dish or glass. The Young’s
modulus of those materials (10–100 GPa) is several orders of
magnitude higher than the effective modulus of a cell (0.2–10
kPa). The finite-thickness of a cell, its very low effective
modulus and the application of relatively large indentations
(1–2 µm) imply that the stiffness of the rigid support will
increase the force exerted by the tip with respect to a semi-infi-
nite material of identical mechanical properties. This is an un-
avoidable effect. However, it can be corrected using force–dis-
tance equations deduced with a bottom-effect correction
model.

To illustrate the type of numerical errors associated with
the Young’s modulus of the rigid support, we have compared
the compressive modulus and the fluidity coefficient measured
on several HeLa and NIH 3T3 cells. For HeLa cells (Fig. 4a),

Fig. 2 Comparison experiment and elastic model expressions. (a) HeLa
cell. (b) NIH 3T3 cells. Continuous curve (experiment); dotted and
dashed lines are the results from the analytical model. Parameters of the
FDCs: Fpeak = 3 nN, FDC acquisition rate of 500 points per µm; k (HeLa)
= 0.075 N m−1, k (NIH 3T3) = 0.133 N m−1; h (HeLa) = 4.5 µm, h (NIH
3T3) = 6.8 µm.
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the box plots show mean values, respectively, 2348 Pa (semi-
infinite) and 2219 Pa (finite). For NIH 3T3 cells (Fig. 4b), we
obtained 574 Pa (semi-infinite) and 533 Pa (finite). This is a
semi-infinite viscoelastic model overestimates the compressive
modulus by about 6–10%. On the other hand, the fluidity
exponent (0.29) seems to be unaffected by the stiffness of the
solid support. A similar trend is obtained on NIH 3T3 cells
(Fig. 4c). The same trend, semi-infinite models overestimate
the modulus of cells, was observed when elastic expressions
were used. Table 1 shows a summary of all the measurements.

Mechanical differences between HeLa and NIH 3T3 cells

A mammalian cell is made of a plasma membrane that encap-
sulates a variety of solid elements (single proteins, RNA–
protein complexes, filaments, nucleus, and organelles)
immersed in an aqueous medium (cytosol). This structure
gives rise to a high mechanical heterogeneity within a cell and
across different cell lines.

Fig. 5 compares the parameters of the 3D power-law rheol-
ogy model measured on NIH 3T3 fibroblasts and HeLa cells.
The compressive modulus of the HeLa cells is significantly
higher (about five-fold). For example, the mean values over the
nuclear region are, respectively, 2219 and 533 Pa. Similar
differences are observed for the cytoplasmatic regions (1416
versus 431 Pa). The fluidity exponent also reflects the differ-

ences between HeLa and NIH 3T3 cells. Higher fluidity expo-
nents are found on NIH 3T3 cells. The mean values over the
nuclear regions are, respectively, of 0.38 (NIH 3T3) and 0.29
(HeLa) Interestingly, the differences observed between HeLa
and NIH 3T3 cells are larger than the differences measured
among the regions of the same cell lines. Overall, HeLa cells
are stiffer and less viscous than NIH 3T3 cells.

Nucleus versus cytoplasm

Let’s discuss first the effect of the cell surface curvature on the
nanomechanical data. Side view confocal microscopy images
(not shown) show that over the central region of the nucleus,
the cell surface is perpendicular to the cantilever. Thus, all the
force exerted by the tip is used to compress the cell. This is no
longer the case for experiments performed on the cytoplasm.
The force generating the cell’s deformation is Ftip cos α. The
angles α (average value) are 37° and 10° for HeLa and NIH 3T3
cells, respectively.

Fig. 5 also shows the differences between the nuclear and
cytoplasmatic regions. Those differences were reported pre-
viously by measuring variations of Young’s modulus between
the nuclear and cytoplasmic regions. The Young’s modulus
values measured over the nucleus are higher than those
measured on the cytoplasm.13,49 However, we showed above
the limitations of elastic models to describe the deformation

Fig. 3 Comparison of experiment and analytical viscoelastic models. (a) 3D power-law viscoelastic model. (b) 3D-Kelvin–Voigt. Parameters of the
FDCs as in Fig. 2.
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Fig. 4 Effect of the rigid support on the compressive modulus and fluidity exponent values. (a) HeLa cells. (b) Fibroblasts (NIH 3T3). (c) Mean values
for HeLa and NIH 3T3 cells. Semi-infinite and finite indicate the thickness of the material used in the theory (h (HeLa) ≈ 5 µm, h(NIH 3T3) ≈ 7 µm).
FDCs obtained by applying the force on a plasma membrane region located above the nucleus.

Table 1 Nanomechanical parameters for semi-infinite and finite-thickness models

Cell Thickness

Elastic model Single power law model

E (Pa) E0 (Pa) γ

NIH3T3 Semi-infinite 2254 2225 574 484 0.38 0.42
Finite 2092 1977 533 431 0.38 0.41

HeLa Semi-infinite 7320 5769 2348 1539 0.29 0.33
Finite 6836 5293 2219 1416 0.29 0.32

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm
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of a mammalian cell, for that reason, we have revisited this
problem by applying the 3D power-law model.

The results for HeLa cells show that the compressive
modulus obtained over the nucleus (2219 Pa) is 36% higher
than the one measured on the cytoplasm (1416 Pa). The fluid-
ity exponent is higher over the cytoplasmic regions (0.32) than
over the nucleus (0.29). These findings indicate that, on one
hand, the cytosol has a more liquid-like behaviour. On the
other hand, the cytosol offers a certain resistance to the displa-
cement of the nucleus. This conclusion is supported by the
findings obtained by Efremov et al. on nucleoplasts and enu-
cleated cells.51

Nanomechanical maps

The above findings enabled us to generate spatially-resolved
maps of the compressive and fluidity exponent. Fig. 6 shows
the compressive and fluidity exponent maps of NIH 3T3 and
HeLa cells. Both maps separated the nuclear region from the
cytoplasm regions. For both cells the cytoplasm looks more
homogenous than the nucleus. This result seems to be inde-
pendent of the parameter. The maps revealed an internal
structure within the nucleus. Specifically, several nucleoli are
spotted on fluidity exponent maps. Those structures were not
resolved in AFM topography images.

Fig. 5 Compressive and fluidity exponent values over nuclear and cytoplasmic regions. (a) Box plot from HeLa cells. (b) Box plot from NIH 3T3 cells.
(c) Mean values of the compressive modulus and fluidity exponent for different cell lines.
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Conclusions

Experimental force–distance curves obtained on two different
cell lines, HeLa and NIH 3T3, were compared to the analytical
expressions deduced by applying linear elastic, linear visco-
elastic and power-law rheology models. We showed that a cell
experiencing a compressive force that involves indentations in
the 1–2 µm range depended on the history of the deformation.
This observation indicated the existence of energy dissipation
processes within the cell. An elastic model provided two
Young’s modulus values for the same FDC. The lower value
was obtained by fitting the approach section of the curve to
the analytical expression. The larger value (Er ≈ 3Ea) was
obtained by fitting the retraction section. There is not a
straightforward criterion to select one value with respect to the
other. For this reason, elastic models should not be used to
provide quantitative characterization of the mechanical
response of a live cell. This result is valid at least for experi-
ments performed by applying relatively large deformations (say
above 1 µm). Additional experiments need to be performed to
generalize the above result to smaller indentations.

The analytical force–distance curve generated using a 3D
linear viscoelastic model presented a step discontinuity. This
effect was associated with the use of triangular waveforms to
generate the tip’s displacement. It is associated with a discon-
tinuity of the velocity at the turning point. On the other hand,

the analytical force expression deduced for the 3D power-law
model reproduced the experimental force–distance curves for
HeLa and NIH 3T3 cell lines. These cell lines are very different
in terms of mechanical properties and biological functional-
ities. Based on this result, we hypothesise that the same visco-
elastic model might be applicable to other mammalian cells.

We showed that HeLa and fibroblast cells are harder to
deform when the force is applied in a region of the plasma
membrane located above the nucleus. A cell has higher com-
pressive modulus values and lower fluidity exponents above
the nucleus. The differences observed in the mechanical
response of nuclear and cytoplasmic regions support the use
of nanomechanical maps to characterize the spatial heterogen-
eity of a cell. The nanomechanical maps revealed structures
that are hidden in the topographic images. Finally, we under-
lined the relevance of using analytical expressions that include
bottom-effect corrections to compare experimental and theore-
tical force–distance curves.

Experimental methods
Cell culture and sample preparation

NIH3T3 fibroblasts (Sigma-Aldrich, UK) were cultured in
Dulbecco’s modified Eagle’s medium-DMEM (Gibco Life
Technologies, UK) supplemented with 10% fetal bovine

Fig. 6 Nanomechanical maps of HeLa and NIH 3T3 cells. (a) HeLa. (b) NIH 3T3 cells. The fluidity exponent map reveals the presence of nucleoli
inside the nucleous. FDCs taken at Fpeak = 3 nN, v = 150 µm s−1; maps of 512 × 512 pixels, FDC sample rate of 500 points per µm; z-displacement,
1.5 µm (HeLa), 2 µm (NIH 3T3).
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serum-FBS (Gibco Life Technologies, UK), 1% penicillin/strep-
tomycin FBS (Gibco Life Technologies, UK) and 2 mM
L-glutamine (Sigma-Aldrich, Missouri, USA). They were main-
tained at 37 °C under a controlled atmosphere with 90%
humidity and 5% of CO2. HeLa cells (Sigma-Aldrich, UK) were
cultured in EMEM with 10% calf serum-CS (Gibco Life
Technologies, UK), 1% penicillin/streptomycin (Gibco Life
Technologies, UK) and 2 mM L-glutamine (Sigma-Aldrich,
Missouri, USA). They were maintained at 37 °C under a con-
trolled atmosphere with 90% humidity and 5% of CO2. The
cells were seeded on an autoclaved glass cover slip for 24–48 h
inside of a Petri Dish.

To generate the nanomechanical maps of Fig. 6, NIH3T3
fibroblasts and HeLa cells were fixed with 4% formaldehyde
(ThermoFisher Scientific, USA) in phosphate-buffered saline-
PBS 0.01 M (Sigma-Aldrich, UK) for 10–15 minutes and rinsed
with PBS.

Atomic force microscopy and FDCs

AFM measurements were performed using a JPK NanoWizard
3 AFM (JPK Instruments AG, Berlin, Germany) mounted on an
Axio Observer D1 inverted microscope (Carl Zeiss,
Oberkochen, Germany). The solid support was glass for the
FDCs performed on live cells (Fig. 1–5) and a Petri dish for the
nanomechanical maps (Fig. 6). The buffer used to record the
FDCs was the culture medium. In Fig. 6, the imaging buffer
was PBS. The temperature was kept constant at 37 °C using a
temperature controller (BioCell™, JPK Instruments AG).

We used BL-AC40TS cantilevers. Those cantilevers have pyr-
amidal tips with an aperture semi angle of 18° (7 µm in height
and a tip radius of 8 nm). The cantilever force constant k was
calibrated using the thermal noise method.52,53 Force–distance
curves on NIH 3T3 cells were recorded with k in the 0.10–0.13
N m−1 range ( f0 = 38.15 kHz in liquid) while on HeLa cells the
force constant was in the 0.044–0.087 N m−1 range ( f0 = 30.68
kHz in liquid). The cantilever sensitivities were between
4.8–6.7 nm V−1 (NIH 3T3) and 6.9–9.5 nm V−1 (HeLa).

For each cell line, the data involved 8 single cells. For each
cell, the FDCs were obtained on 12 different regions of the
cell, 6 above the nucleus and 6 in cytoplasmatic region; 10
FDCs were obtained on each region of the cell.

The FDCs were obtained using a triangular waveform at
10 µm s−1. The indentation was stopped when the force
reached a value of 3 nN. The z-displacement was performed
with a closed-loop feedback and involved a z-displacement of
5 µm (sampling rate of 500 data points per µm). Hence the
number of points was 2500 for the approach and 2500 for the
retraction. The fittings were performed by applying a corre-
lation coefficient R above 0.95.

The nanomechanical maps consisted of an ordered mesh
of FDCs measured over the cell with a grid of 512 × 512 pixels.
The velocity was 150 µm s−1 with a setpoint of 3 nN and a
z-displacement of 1–1.5 µm. The sampling rate in the FDCs
was 500 points per µm. The force constant and resonant fre-
quency were, respectively, k = 0.13 N m−1 and f0 = 33.3 kHz
(HeLa) and k = 0.16 N m−1 f0 = 30.22 kHz (NIH 3T3).
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