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Nanorheology and Nanoindentation Revealed a Softening
and an Increased Viscous Fluidity of Adherent Mammalian
Cells upon Increasing the Frequency

Victor G. Gisbert, Francsico M. Espinosa, Juan G. Sanchez, Maria Concepcion Serrano,
and Ricardo Garcia*

The nanomechanical response of a cell depends on the frequency at which the
cell is probed. The components of the cell that contribute to this property and
their interplay are not well understood. Here, two force microscopy methods
are integrated to characterize the frequency and/or the velocity-dependent
properties of living cells. It is shown on HeLa and fibroblasts, that cells soften
and fluidize upon increasing the frequency or the velocity of the deformation.
This property was independent of the type and values (25 or 1000 nm) of the
deformation. At low frequencies (2-10 Hz) or velocities (1–10 μm s−1), the
response is dominated by the mechanical properties of the cell surface. At
higher frequencies (>10 Hz) or velocities (>10 μm s−1), the response is
dominated by the hydrodynamic drag of the cytosol. Softening and
fluidization does not seem to involve any structural remodeling. It reflects a
redistribution of the applied stress between the solid and liquid-like elements
of the cell as the frequency or the velocity is changed. The data indicates that
the quasistatic mechanical properties of a cell featuring a cytoskeleton
pathology might be mimicked by the response of a non-pathological cell
which is probed at a high frequency.

1. Introduction

There is a close relationship among mechanical forces, cell
shape, and physiology. Cellular processes such as adhesion,
motility, and growth are associated with the mechanical proper-
ties of cells and their environment.[1–3] A complete understand-
ing of the cell mechanobiology requires the development of very
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sensitive and accurate high-spatial resolu-
tion methods.

Several theoretical and experimental
challenges must be overcome to provide
accurate and high-spatial resolution mea-
surements of the mechanical properties
of live cells.[4–7] A mammalian cell is a
highly complex and organized system.
The plasma membrane encapsulates a
variety of solid elements and structures
(cortex, cytoskeleton, molecular motors,
protein fibers, DNA, organelles, nucleus)
immersed in aqueous medium (cytosol).
A living cell is a dynamic system that
exchanges energy and matter with the
environment. Its mechanical state and
properties might evolve with time. In this
context, it is far from surprising to find out
discrepancies among the mechanical prop-
erty values provided by optical, magnetic,
micropipette or force microscopy (AFM)
methods.[4–6]

The discrepancies were explained in
terms of the different spatial and time

scales probed by AFM, micropipette aspiration or magnetic twist-
ing cytometry experiments.[4] It was also noted the physical pa-
rameters measured by the aforementioned methods were not
equivalent.[4–6] This context is slowing down the development
of a comprehensive description of the mechanical properties of
single cells. Specifically, the measurements have not clarified
the interplay between the solid and liquid elements in regulat-
ing the mechanical response to a deformation. At a fundamental
level, the use of different mechanical parameters such as stor-
age and loss moduli in rheology or elastic modulus and vis-
cosity coefficients in AFM-based indentation, has obscured the
understanding of the cell frequency and/or velocity-dependent
behaviors.

In the last few years, advances in force microscopy instrumen-
tation and standardization[7–19] have led to several breakthroughs
in cell nanomechanics. High-spatial resolution measurements of
intracellular forces,[7–8] imaging of subsurface structures,[9] high-
frequency,[13] or high-speed images,[19] were reported. The ex-
perimental activity motivated the development of several mod-
els, methods and simulations to transform AFM observables
into elastic and viscoelastic properties.[20–35] The overall activity
has led to the consolidation of a mammalian cell as a complex
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viscoelastic system.[4,6–7] It has also strengthened the applications
of AFM in mechanobiology.[36–40]

Several AFM-based methods such as force-distance curves
(constant velocity),[7] oscillatory indentation (sinusoidal
velocity),[13,40] multifrequency,[12] load relaxation and creep
measurements[33–34] have been applied to study cells. Force-
distance curves (FDC) and its extension to generate nanome-
chanical maps (force-volume) are implemented in most com-
mercial AFMs. For that reason, FDCs are widely applied to
characterize single cells. On the other hand, oscillatory indenta-
tion experiments provided a simplified transformation between
AFM observables and storage and loss moduli which made them
easy to interpret. In what follows, nanoindentation refers to
experiments performed at constant velocity while nanorheology
refers to experiments performed with a sinusoidal velocity.

Here, we integrate nanorheology, nanoindentation, and theory
to provide a unified description of the velocity and frequency de-
pendencies of the mechanical properties of a mammalian cell.
Nanorheology and nanoindentation experiments show similar
frequency and velocity-dependent properties. Adherent cells be-
come softer and more liquid-like if they are deformed at moder-
ate to high frequencies or velocities. Softening meant lower scal-
ing modulus values while an increase of the liquid-like behavior
was associated with higher values of the fluidity coefficient. The
above findings were verified on HeLa and fibroblasts NIH 3T3
cells over a wide range of velocities (1-300 μm s−1) and frequen-
cies (1-1100 Hz).

Frequency-dependent experiments were performed on HeLa
cells exposed to a drug that disrupted F-actin polymerization. A
comparison between the frequency response of treated and un-
treated cells shows that the mechanical properties of pathologi-
cal cells might be mimicked by the response of non-pathological
cells if the measurements are performed at a high frequency.

The time-dependent response of an adherent cell reflects the
interplay between the cell surface (solid-like) and cytosol (liquid-
like). At low velocities or frequencies, the cell viscoelastic re-
sponse was dominated by interactions happening at the cell sur-
face (plasma membrane and cortex). At high velocities (frequen-
cies), the viscoelastic response was dominated by the hydrody-
namic drag of the cytosol. The trends observed as a function of
the frequency, specifically, the decrease of the scaling modulus
and the increase of the fluidity coefficient, were independent of
the deformation range (from 25 to 1000 nm).

The softening and fluidization of a mammalian cell as the fre-
quency is increased does not seem to involve any structural re-
modeling of the cell. It is interpreted as a redistribution of the
mechanical stress between the solid and liquid components of
the cell. The liquid-like response becomes more relevant from
moderate to high frequencies or velocities.

2. Results and Discussion

2.1. Overview Experimental Data in Nanoindentation and
Nanorheology

Figure 1 shows AFM nanomechanical and confocal microscopy
images of HeLa cells. The AFM map (Figure 1a) combines differ-
ent nanomechanical signals (topography and fluidity coefficient).
It has been shown that the combination of different nanome-

chanical signals in a single image enhances the contrast and
the spatial resolution of AFM.[9] Specifically, the AFM image re-
veals several elements of the cell cytoskeleton architecture and
the nucleus (Figure 1a). The confocal microscopy image provides
information on the cell’s height at zero force (Figure 1b). The
cell’s height is needed as an input to modeling the cell mechan-
ical response. Representative force-indentation curves obtained
on a HeLa cell by, respectively, nanoindentation (Figure 1c) and
nanorheology (Figure 1d) are shown. The hysteresis of those
curves revealed the existence of energy dissipation processes
within the cell. Examples of the indentation signals (Figure 1f)
and time-varying forces (Figure 1e) are also shown.

2.2. Theory

A two-step process is followed to link the AFM observables to
mechanical properties. First, the cell viscoelastic response (relax-
ation function) was defined. Second, a contact mechanics model
was implemented to describe the tip-cell contact area as a func-
tion of the indentation.

2.3. Three-Dimensional Power-Law Viscoelastic Model

Several viscoelastic models were applied to determine mechani-
cal properties of soft matter from AFM experiments.[6,7,23,25,27,31]

In particular, power-law rheology models were applied to de-
scribe the mechanical properties of cells.[2,26,42–44] It was shown
that some power-law rheology models provided a more efficient
description of the cell response than linear viscoelastic mod-
els based on mechanical analogs.[42] We implemented a single
power-law rheology model that expressed the relaxation modu-
lus of the cell in terms of two parameters,[32] scaling modulus
and fluidity coefficient. In this model the relaxation function is
given by[45]

E =
E0

Γ (1 − 𝛾)

(
t
t0

)−𝛾

(1)

where Γ is the gamma function; E0 is a scaling factor with units
of force divided by area (scaling modulus). It has been identified
as the elastic modulus of the material at time t0 (commonly t0 =
1 s). The exponent 𝛾 captures the dissipative effects happening in
the material during the deformation (fluidity coefficient). A value
𝛾 = 0 defines an elastic solid of Young’s modulus E0 while a 𝛾 =
1 indicates a Newtonian viscous liquid.

The contact mechanics model is derived by applying the corre-
spondence elastic-viscoelastic principle[46] and Ting’s solution[47]

to describe the contact area during retraction. In this model, an
integral equation links the viscoelastic model, the contact area
and the applied force. To find the analytical solutions to the above
integral equation has been a challenge.[31–32]

2.4. Theoretical Expression of the Force in Nanoindentation

In a nanoindentation experiment, a cell is deformed at con-
stant speed by applying a triangular waveform signal to the
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Figure 1. Schemes of the nanorheology and nanoindentation experiments on cells. a) Hybrid AFM image. The image combines topography, modulus,
and fluidity images. The color scale is arbitrary because the image combines data with different magnitudes. b) Confocal microscopy images. Top, lateral
cross-section. Bottom, plane view. The dashed line indicates the position at which the lateral cross-section intersected the plane view image. Actin
filaments and nuclear DNA were labeled, respectively, in green and blue (see Section S9, Supporting Information). c) Examples of force-distance curves
(nanoindentation) obtained on a HeLa cell at three velocities. d) Examples of oscillatory force-distance curves (nanorheology) obtained on a HeLa cell
at three frequencies. e) Examples of indentation versus time curves obtained in nanoindentation (v = 2 μm s−1, in black) and nanorheology (f = 100 Hz,
in blue). f) Force-time curves in nanorheology (f = 100 Hz, blue) and nanoindentation (v = 2 um s−1, black). The curves correspond to the indentations
depicted in (e). Panels (a) and (b) correspond to different HeLa cells in similar metabolic states. The hysteresis loops observed in (c) and (d) indicated
the presence of viscoelastic processes. Parameters, k = 0.21 N m-1, Q = 1.97, fo= 121 kHz.

z-displacement. At the same time, the force is measured as a
function of time or distance. The representation of the force as
a function of the distance is commonly called a force-distance
curve (FDC).[7] To transform a FDC generated with a triangular
waveform (Figure 1e) into material properties require two main
steps. First, to convert the primary observables (deflections and
z-piezo displacements) into forces and cell deformations. This
step has been extensively discussed.[7,48] Second, to transform the
forces and deformations into mechanical properties. This step in-
volved the implementation of a constitutive model for the cell’s
relaxation function together with a contact mechanics model for
determining the tip-cell contact area. The latter should take into
account the finite-thickness of the cell and the history of the de-
formation. All those features were considered to deduce an ana-
lytical expression for the force exerted by a conical tip that indents
(I) a cell at a constant speed,[32,44]

Fsemi (t) =
⎧⎪⎨⎪⎩

16 tan 𝜃

3𝜋
× E0

Γ(3−𝛾)
I2
(

t
t0

)−𝛾
t ≤ tmax

16 tan 𝜃E0t𝛾0v2
0

3𝜋Γ(1−𝛾)
×

t2
((

1− t1
t

)𝛾

−1
)
+𝛾t1t−(𝛾−1)t2

1

(t−t1)
𝛾 (𝛾−2)(𝛾−1)

t > tmax

(2)

where t1 is defined by

t1 (t) = t − 1−𝛾

√
1 +

vret

vapp

(
t − tmax

)
(3)

where Fsemi is the force exerted on a sample of semi-infinite thick-
ness which has the same power-law parameters than the real
cell; h is the cell thickness. The above expressions assumed a
Poisson ratio of 0.5. The experiments were performed by using
sharp probes (𝜃 ≤ 18°) and low to moderate indentations (I/h ≤

20%). We verified that under the above conditions, bottom-effect
corrections[31–32] were negligible, therefore,

F (t) = Fcell (t) ≈ Fsemi (t) (4)

The above expression reproduced the experimental force-
distance curves obtained on HeLa and fibroblast cells.[44]
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Figure 2. Power-law rheology parameters from FDC and oscillatory experiments. a) Scaling modulus as a function of the indentation velocity (FDC).
b) Fluidity coefficient (FDC). c) Storage and loss modulus (FDC). d) Scaling modulus (osc). e) Fluidity coefficient (osc). f) Storage and loss moduli
(osc). Measurements performed on the same HeLa cell. Microcantilever, FDC and oscillatory parameters, k = 0.21 N m-1, Q = 1.97, fo= 121 kHz; Fmax=
3 nN, Imax= 1-1.5 μm (FDC); I0= 1 μm; Iosc= 25 nm, nFDC= 72, nosc= 36.

2.5. Theoretical Expression of the Force in Nanorheology

The use of sinusoidal waveforms to determine the mechani-
cal properties of cells constitutes the basis of rheology either at
macro, micro and nanoscale domains. Oscillatory measurements
involve an initial step deformation I0 which is followed by a sinu-
soidal deformation. Typical I0 values were of 1000 nm while the
amplitude of the oscillation was of 25 nm. The tip remains in con-
tact with the cell during the whole oscillation cycle. For small am-
plitude indentations with respect to I0, a Taylor expansion gives

F (t) − F0 ≈ 𝛼 ⋅ 𝛽 ⋅ I𝛽−1
0 ⋅ E∗ (t) ⋅

(
I (t) − I0

)
(5)

I (t) = I0 + Iosc cos𝜔t (6)

where 𝛼 is a parameter that depends on the geometry of the
probe and the Poisson ratio; 𝛽 is a coefficient that depends on
the geometry. The complex relaxation modulus E* of the cell sub-
jected to a periodic deformation of angular frequency𝜔was given
by[49]

E∗ (𝜔) = E0

(
𝜔

𝜔0

)𝛾 [
cos

(
𝜋

2
𝛾

)
+ i sin

(
𝜋

2
𝛾

)]
= Estorage + iEloss(7)

where 𝜔0 = 1 rad s−1. In the frequency domain, the relationship
between the complex modulus and the force was given by[50]

E∗ (𝜔) =
𝜋
(
1 − 𝜈2

)
4I0 tan 𝜃

[
F (𝜔)
I (𝜔)

ei𝜑 − i𝜔b
]

(8)

where 𝜑 is the phase delay[13,49] and b is the coefficient of the hy-
drodynamic drag force acting on the cantilever body.[49] This co-
efficient should be measured near the cell surface. For nanorhe-
ology measurements, we assume that the contact area does not
change within an oscillation cycle. This assumption is based on
the small value of the indentation amplitude (25 nm) with respect
to the step deformation (I0≈1000 nm).

2.6. Nanoindentation Data on HeLa Cells

Figure 2a-c shows the scaling modulus, fluidity coefficient, stor-
age, and loss moduli of a HeLa cell as a function of the veloc-
ity of the probe. The measurements are performed by applying
a maximum force of 3 nN. The force is applied on a region lo-
cated above the nuclear region. The scaling modulus decreases
while the fluidity increases by increasing the velocity. Specifi-
cally, the scaling modulus decreased from 5.7 kPa at 5 μm s−1 to
600 Pa at 300 μm s−1 (Figure 2a). The fluidity coefficient showed a
monotonically increase from 0.14 (5 μm s−1) to 0.43 (300 μm s−1)
(Figure 2b). The storage and loss moduli increase by increasing
the frequency (Figure 2c). The storage and loss moduli of the cell
are determined by using Equation 7. The cell’s nanomechanical
parameters (scaling modulus, fluidity coefficient) and the equiv-
alent frequency are determined from a FDC experiment.

2.7. Nanorheology Data on HeLa Cells

Figure 2d–f depicts the scaling modulus, fluidity coefficient, stor-
age, and loss moduli of a HeLa cell measured as a function of the
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Figure 3. Nanoindentation (FDC) and nanorheology (osc). a) Scaling
modulus. b) Fluidity coefficient. c) Storage modulus. d) Loss modulus.
Data from Figure 2. The frequency axis refers to both FDC and oscillatory
data. The velocity axis just applies to FDC Continuous and dashed lines
were plotted to guide the eye.

frequency. The scaling modulus decreased from 7.7 kPa at 3 Hz to
200 Pa at 1100 Hz (Figure 2d). The fluidity coefficient increased
from 0.1 (3 Hz) to 0.7 (1100 Hz) (Figure 2e). The storage and
loss moduli increased by increasing the frequency (Figure 2f).
For low to moderate frequencies (3-200 Hz), the storage modu-
lus had larger values. A cross-over was observed at about 200 Hz.

Similar dependencies with the frequency were reported for the
storage and loss moduli.[14,26,43] The cross-over between the stor-
age and the loss moduli has been observed before on many types
of mammalian cells such as fibroblasts,[13] Hela cells,[14] retinal
pigmented epithelium cells[34] or kidney epithelial cells.[26,43]

2.8. Comparison of Nanoindentation and Nanorheology Data

Figure 3 compares the viscoelastic parameters obtained from
FDC and oscillatory measurements. The equivalent frequency of
a FDC is determined from the time the tip is in contact with the
cell tc,

f = 1
tc

= v
2Imax

(9)

Two results stand out from Figure 3. First, both methods
reported the same frequency-dependent behavior. The scaling
modulus decreases and the fluidity coefficient increases as the
velocity (frequency) of the deformation was increased. Second,
FDC and oscillatory measurements gave similar values for the
fluidity coefficient, storage, and loss moduli over the whole fre-
quency (velocity) range. The agreement was less satisfactory for
the scaling modulus in the low-to-moderate frequency (veloc-

ity) range. At 9 μm s−1 or 3 Hz the modulus measured by
nanoindentation (5 kPa) was significantly smaller than the one
obtained by nanorheology (8 kPa). The numerical discrepan-
cies might be attributed to the differences in the z displace-
ment ranges of nanorheology (25 nm) and nanoindentation
(1-1.5 μm). We performed similar experiments on fibroblasts
(Figure S3, Supporting Information). The data reproduced point-
by-point the findings obtained on HeLa cells. The reproducibil-
ity observed across two different cell lines suggested a general
property.

2.9. Experimental Validation of the Methodology

To validate the methodology, we have thoroughly calibrated the
experimental set-up. In addition, we have performed experi-
ments on an elastic material.

The measurement and interpretation of the mechanical prop-
erties of single cells might be complicated by the existence of
systematic errors. Hysteresis and creep from the z-piezo dis-
placement might be wrongly interpreted in terms of cell vis-
coelastic properties. The hydrodynamic drag associated with the
displacement of the cantilever might also introduce dissipation.
This effect should affect more nanoindentation experiments. The
cantilever-tip displacement in nanoindentation experiments was
about 20 to 50 larger than in nanorheology. The contact mechan-
ics model used to transform observables into mechanical pa-
rameters might be a source of systematic errors in frequency-
dependent measurements. Some of those factors, in particu-
lar the influence of the hydrodynamic drag, were discussed
by others.[13,48,49] Our experience indicated that to suppress or
minimize errors associated with the aforementioned factors de-
manded an exhaustive testing of the experimental system (Figure
S2, Supporting Information).

The frequency or velocity-dependent response of the power-
law rheology parameters of an elastic material can be predicted.
The scaling modulus should be independent on the frequency
or velocity of the force-distance curves. The fluidity coefficient
should be zero.

Polyacrylamide gels behave as elastic materials at low-to-
moderate frequencies. The composition and cross-linking de-
gree of the gel might be tuned to obtain a material with a stiff-
ness comparable to those of HeLa, fibroblasts and other mam-
malian cells.[51] The approach and retraction sections of FDC
curves obtained in the 0.5-10 μm s−1 range showed good overlaps
(Figure 4a,b). In fact, the average energy dissipated by the tip (per
cycle) in the gel was less than 1% of the work done on the gel. The
differences observed between approach and retraction were asso-
ciated with the adhesion force between the tip and gel. Similarly,
there was little hysteresis in the oscillatory force-distance curve
(Figure 4b). Those features supported the consideration of those
gels as effective elastic materials.

Figure 4c,d shows the scaling modulus and fluidity coefficient
of the gel. Nanorheology and nanoindentation provided similar
values for the scaling modulus (∼9.5 kPa) in the 1–10 Hz or 1–
10 μm s−1 ranges. A small decrease (≤ 10%) was observed in the
1–5 Hz (1-5 μm s−1) range. The fluidity coefficient values were
extremely small (≤ 0.02) and very close to the value of an ideal
elastic solid (𝛾 = 0).
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Figure 4. Nanorheology and nanoindentation on polyacrylamide. a) Force-distance curves in a nanoindentation experiment. In the repulsive region,
the overlap between approach and retraction for a single velocity (2, 5, and 20 μm s−1) is near perfect. This indicates the elastic character of the
polyacrylamide. The adhesion forces produced some hysteresis. b) Force-distance curve in a nanorheology experiment (2, 5, and 10 Hz). The width of
the loop is very small or negligible (no hysteresis). c) Scaling modulus. d) Fluidity coefficient values are very small. Those values underline the elastic
behaviour of the polyacrylamide in the 1-30 Hz range. e) Scaling modulus for a Hela cell and a polyacrylamide gel. f) Fluidity coefficient for Hela and
polyacrylamide. Microcantilever parameters, Rtip= 3.31 μm; k = 0.08 N m-1, Q=2.0, fo= 4.0 kHz, Fmax= 6.9 nN; I0= 260 nm, Iosc= 25 nm, n = 12.

Next, we compared the scaling modulus and fluidity coeffi-
cients of a HeLa cell and a polyacrylamide gel. The fluidity coeffi-
cient of the cell was about 10 times higher. In addition, the scaling
modulus of the cell decreased by increasing the frequency or ve-
locity while the one of the gel remained nearly constant (≤ 10%).
This comparison provides two conclusions. First, the experimen-
tal methodology which included the 3D power-law model repro-
duces the expected behavior of an elastic material. Second, it pro-
vides a quantitative range for the fluidity coefficient of a material
to be considered as elastic (≤ 0.05).

2.10. Frequency Dependency of Cells Modified by a Biochemical
Drug

It is known that cytochalasin D (Cyto-D) disrupts the polymeriza-
tion of F-actin. Inhibition of actin polymerization weakens the
cell’s cortex. AFM nanomechanical measurements showed that
cells treated with Cyto-D were softer (smaller Young’s modulus)
than their untreated counterparts.[20,53–55]

Figure 5a,b compares the viscoelastic parameters obtained
from a nanoindentation experiment performed on a HeLa cell be-
fore and after being treated with Cyto-D. Cells exposed to Cyto-D
are softer and more liquid-like than untreated cells. Specifically,
for each frequency, the modulus of treated cells is smaller. For low

frequencies (≤10 Hz), the moduli of treated cells were about 2-
fold smaller. The relative difference between the values of treated
and untreated cells decreases as the frequency is increased. In
the 1 to 200 Hz range, the fluidity coefficient of a treated cell is
higher than the one of an untreated cell. Similar tendencies are
found on nanorheology measurements (Figure 5c,d).

The comparison between the quasistatic or DC (≤2 Hz)
nanomechanical parameters of treated (pathological) and un-
treated cells revealed that the DC values of a pathological cell
were similar to the values measured on a non-pathological cell
at a higher frequency. For example, the DC modulus of a treated
cell (≈3.5 kPa) might be obtained by exciting an untreated cell to
40 Hz (Figure 5a). The DC fluidity coefficient value of a treated
cell was ≈0.3. This value might be obtained by probing an un-
treated cell to 100 Hz (Figure 5b,d).

2.11. Discussion

The viscoelastic response of living cells might involve different
processes. Namely solid-solid and solid-liquid interactions. The
former is associated with the binding/unbinding of cross-links
among protein fibers.[5,56] The latter (solid-liquid interactions)
might be divided in two groups. One group is associated with
the hydrodynamic squeezing of the liquid through the nanopores
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Figure 5. Frequency response of HeLa cells treated with Cythocalasin-D.
a) Scaling modulus (nanoindentation). b) Fluidity coefficient measured
(nanoindentation). c) Scaling modulus (nanorheology). d) Fluidity coeffi-
cient (nanorheology). For each method, the data show the nanomechani-
cal values obtained on the same cell before and after exposition to Cyto-D
for 30 min. Continuous and dashed lines were plotted to guide the eye.
Microcantilever, FDC and oscillatory parameters, k = 0.19 N m-1, Q= 2.1,
fo= 130 kHz; Fmax= 3 nN, Imax= 1-2 μm (FDC); Imax= 1 μm, Iosc= 12 nm,
n = 10.

or micropores formed by some inner cell structures.[57] The
other process accounts for the hydrodynamic friction associ-
ated with the displacement of solid bodies within the cytosol or
nucleosol.[9] Solid-solid and solid-liquid viscoelastic interactions
might contribute simultaneously to the force measured by the
AFM probe. Therefore, it

is not straightforward to separate them in a single frequency
(speed) AFM measurement.

The softening and increased fluidity of cells upon an increase
of the frequency or velocity of the external force underlines the in-
terplay between the solid and liquid components, namely the cell
surface and the cytosol. At low frequencies (1-20 Hz) or velocities
(2-20 μm s−1), the scaling modulus values measured by nanorhe-
ology are significantly larger than those measured by nanoin-
dentation. The values obtained are higher because the ampli-
tude of the deformation (25 nm) is smaller than the cortex thick-
ness (≈150 nm). In addition, the amplitude used in nanorheology
(25 nm) is smaller than the values used in nanoindentation exper-
iments (≈1000 nm). The nanoindentation experiments involved
major displacements of the cortex and cytosol. At the same time,
the fluidity coefficient values reported by both methods are in the
0.1–0.2 range. Those values, albeit small, are ≈5–10 higher than
the ones measured in an elastic material (Figure 4f). Altogether,
the results obtained at low frequencies or velocities indicate that
the mechanical response of HeLa and fibroblast cells is domi-
nated by the properties of the plasma membrane and the cortex
with some minor contribution from the cytosol.

The fluid-like behavior of a cell is enhanced by increasing the
frequency or velocity of the deformation. The process leads to
fluidity coefficient values (𝛾 ≥ 0.7) which are close to the one of

a Newtonian liquid (𝛾 = 1) (Figure 3b). At the same time, the
scaling modulus decreases by one order of magnitude. The pro-
cess is reversible. By reducing the frequency or velocity of the
deformation, the modulus increases, and the fluidity coefficient
is reduced. Taken together, those results suggest the absence of
structural remodeling processes upon changes in the frequency
or velocity of the deformation. Therefore, the changes observed
in the mechanical properties should be associated with the liquid
component of the cell (cytosol). We remark that softening and
fluidization upon increasing the frequency or velocity of the de-
formation is compatible with an increase in the storage and loss
moduli values (Figure 3). The above data was obtained on regions
located above the nucleus. We note that preliminary experiments
performed on perinuclear regions of the cell reproduced the be-
havior observed over nuclear regions.

Nanoindentation and nanorheology experiments were per-
formed with cells treated with cytochalasin D (Figure 5). Those
cells are softer and more liquid-like than untreated cells. The
comparison between the frequency response of untreated and
treated cells shows that the biochemical treatment anticipates the
softening and fluidization features observed in untreated cells at
high frequencies. Those findings indicate a way to mimic the
mechanical response of pathological cells by performing exper-
iments on nonpathological counterparts.

Any external force (stress) applied to a mammalian cell is dis-
tributed asymmetrically between its solid and liquid elements.
The distribution depended on the frequency or velocity of the
deformation. The role of the cytosol in controlling the me-
chanical response was enhanced by applying higher frequencies
(Figure 6). In the present study, we have not considered explicitly
the role of the nucleus on the above behavior.

Many AFM-based studies were aimed to link nanomechani-
cal state and physiology.[38–40,58–60] In general, the results were
interpreted in terms of changes happened at the cortex (solid
element). Our findings do not necessarily invalidate the con-
clusions from those studies. Our findings indicate that the use
of mechanical forces of low frequencies or velocities will min-
imize the coupling between the cell surface and cytosol. As
a consequence, the mechanical response will be more sensi-
tive to the structural properties of the cell surface (plasma and
cortex).

3. Conclusion

Nanorheology, nanoindentation, and theory are integrated into
an AFM methodology to characterize time-dependent properties.
Nanorheology and nanoindentation experiments are performed
on the same cell by using the same AFM tip. Both methods
elicited similar responses over large velocity (1-300 μm s−1) or fre-
quency (1-1100 Hz) ranges. HeLa and NIH 3T3 cells softened and
increased their viscous response upon increasing the frequency
or speed at which they are deformed. The trend is independent
of deformation value (25 nm or 1000 nm).

The lowest fluidity coefficient measured on a HeLa or NIH 3T3
cell (𝛾 = 0.1) is obtained at small velocities or low frequencies.
That value ≈20 times larger than the instrument noise level. This
result indicates that viscous processes contribute to the mechan-
ical response of a mammalian cell regardless of the frequency or
velocity of the deformation.
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Figure 6. Scheme of cortex and cytosol contributions to the mechanical properties. At low frequencies or velocities, the response to a deformation is
carried by the cell surface with minor contributions from the cytosol. At higher frequencies, the viscous properties of the cytosol are enhanced.

The softening and increased viscous fluidization of cells
upon increasing the velocity or frequency indicates an inter-
play between solid (cell surface) and liquid-like elements (cy-
tosol). Those contributions are in general intertwined. The
ratio between cell surface and cytosol contributions depend
on the frequency or velocity at which a cell is deformed. In
the quasistatic regime, the cell surface (membrane and cor-
tex) dominates the mechanical response. At higher frequen-
cies or velocities (≥10 Hz; ≥10 μm s−1), the cytosol exerts
a significant influence on the mechanical properties of the
cell.

The experiments performed on cells bearing a F-actin polymer-
ization pathology show that the quasistatic response of those cells
might be mimicked by measuring the properties of nonpatholog-
ical cells at high frequencies.

These findings provide the most fundamental description of
the mechanical response of a mammalian cell as a function of the
frequency or velocity of the deformation. Any mechanobiology
analysis of a cell as a function of a mechanical stimulus should
explicitly consider the interplay between the solid and the liquid-
like components of the cell.

4. Experimental Section
Cell Types and Culture: HeLa cells (Sigma–Aldrich) were cultured in Ea-

gle’s minimum essential medium (EMEM) with 10% calf serum-CS (Gibco
Life Technologies), 1% penicillin/streptomycin (Gibco Life Technologies,
UK) and 2 mM l-glutamine (Sigma–Aldrich, Missouri, USA). The cells were
maintained at 37 °C under a controlled atmosphere with 90% humidity
and 5% of CO2. The cells were seeded in Petri dishes for 24–48 h in the
culture medium before the measurements. The AFM measurements were
performed in the above Petri dishes and culture medium.

Polyacrylamide Gel: The gel solution was prepared by mixing 40%
acrylamide and 2% bisacrylamide in ultrapure water (MilliQ systems, Mol-
sheim, France). Finally, ammonium persulfate (APS) and N, N, N’, N’-
Tetramethylethylenediamine (TEMED) were added to activate the poly-
merization. All reagents were purchased from Sigma-Aldrich.

Cytochalasin D: Cytochalasin D was used to test the effect of an actin
filament depolymerization drug on the frequency response of cells. HeLa
Cells were treated with a 5 μM concentration of cytochalasin D (Sigma–
Aldrich) for 30 min at 37°. Nanoindentation and nanorheology experi-
ments were performed immediately afterwards.

AFM Nanoindentation and Nanorheology: The experiments were per-
formed with a JPK NanoWizard 3 platform (JPK Instruments AG, Berlin,
Germany). The oscillatory signals for nanorheology were performed with
an external generator (see below). Home-made codes were developed to
process the AFM data.

FDC and nanorheology experiments on cells were obtained with
Fastscan-D microcantilevers (Bruker). Those cantilevers have a pyrami-
dal tip with an aperture semi angle of 18°. The nominal tip radius and
length were, respectively, 5 nm and 3 μm. The microcantilever force con-
stant k was calibrated by using the thermal noise method. Specifically, the
FDC data shown in the main text were obtained with k = 0.21 N m−1.
The resonant frequency as measured in the buffer was f0 = 121.2 kHz.
Nanoindentation and nanorheology measurements were performed with
the same tip on the same central region (over the nucleus) of a single cell.
Typically, the sequence was FDC and then oscillatory.

FDCs were obtained on 6 different positions located over the nucleus,
10 FDCs were obtained on each position. First, the mean value of the PLR
parameters on each position is determined. Second, the mean value from
those values and the associated standard deviations were determined.
More information on the cell statistics is founded in Figure S2, Supporting
Information.

The FDCs were obtained using a triangular waveform at 1, 2, 5,10,
20, 40, 60, 80, 100, 150, 200, 250, and 300 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, each FDC involved
5000 data points, split in 2500 for the approach and 2500 for the retraction.
The fittings were performed by applying a correlation coefficient R above
0.95.

Nanorheology oscillations were generated with a signal produced by a
high-frequency function generator (AFG-21105, RS PRO, UK). The oscilla-
tory signal was added to a step signal. The step signal was generated by
approaching the tip with a triangular waveform (v = 10 μm s−1) to reach
a peak force of 3 nN. The step indentation was in the 1-1.5 μm range. An
oscillatory deformation of 50 nm (peak-to-peak) was applied during the
dwell time (2 s) of the step deformation. The data from the last second
was processed to deduce the parameters.

Nanoindentation and nanorheology experiments performed on poly-
acrylamide gels did not require sharp tips. Those measurements were
performed by using spherical probes (CP-PNP-SiO-C, diameter 6.62 μm,
NanoAndMore).

Additional Theory to Process FDC and Oscillatory Data: Two different
expressions were needed to determine force as a function of time, one for
the approach and the other for the retraction

F (t) =
{

Fbec (t) t ≤ tmax
Fbec (t1) t > tmax

(10)
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where t1 is defined as

t1 = t − 1−𝛾

√
1 +

vret

vapp
(t − tmax) (11)

where vapp and vret are the velocities during approach and retraction. Com-
plete expressions are found in the Supporting Information (Equations S7,
S10, and S11, Supporting Information).

Statistical Analysis: The raw FDC curves were unfiltered. Hydrody-
namic drag effects and baseline determination were performed as illus-
trated in Figure S5 and explained in the Supporting Information. To deter-
mine E0 and 𝛾 from a nanoindentation experiments, the FDCs were fitted
with Equations S10 and S11, Supporting Information. For the nanorheol-
ogy oscillatory experiments, the values of E0 and 𝛾 were obtained by using
Equations 7 and 8. The values represented in Figure 2a,b,c were obtained
using a sample size of n = 72. The values represented in Figure 2d,e,f were
obtained using a sample size of n = 36. In Figure 4c–f, the sample size was
of n = 12. In Figure 5, the sample size was of n = 10. In Figures 2, 3, 4
and 5 the dots represent the mean value, and the error-bars represent the
standard deviation. The sample size refers to the number of curves.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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