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High-frequency microrheology reveals
cytoskeleton dynamics in living cells
Annafrancesca Rigato, Atsushi Miyagi†, Simon Scheuring† and Felix Rico*
Living cells are viscoelastic materials, dominated by an
elastic response on timescales longer than a millisecond1. On
shorter timescales, the dynamics of individual cytoskeleton
filaments are expected to emerge, but active microrheology
measurements on cells accessing this regime are scarce2.
Here, we develop high-frequency microrheology experiments
to probe the viscoelastic response of living cells from 1Hz to
100 kHz. We report the viscoelasticity of di�erent cell types
under cytoskeletal drug treatments.Onpreviously inaccessible
short timescales, cells exhibit rich viscoelastic responses that
depend on the state of the cytoskeleton. Benign andmalignant
cancer cells revealed remarkably di�erent scaling laws at
high frequencies, providing a unique mechanical fingerprint.
Microrheologyover awidedynamic range—up to the frequency
characterizing the molecular components—provides a mecha-
nistic understanding of cell mechanics.

Living cells constantly exert and sense mechanical forces. The
magnitude and rate of these forces vary according to organ, tissue
and function, modulating the mechanical phenotype of cells. Cells’
mechanical response is mainly due to the structural organization
and dynamics of individual components of the cytoskeleton. This
complex filament network, immersed in a crowded cytoplasm
constantly perturbed by molecular motors, displays viscoelastic
behaviours3. Consequently, cells exhibit elastic (conservative)
and viscous (dissipative) responses that are frequency-dependent.
Microrheology quantifies the viscoelastic response by measuring
forces in response to deformations4 (active microrheology), or by
tracking the spontaneous fluctuations of embedded or endogenous
particles5 (passive microrheology). Viscoelastic properties are
then quantified by a frequency-dependent complex shear modulus
G∗(f )=G′(f )+ iG′′(f ), where i=

√
−1, and G′ and G′′ are the

elastic and viscous moduli, respectively. Although different cell
types show characteristic absolute values ofG∗ (∼10 Pa–∼100 kPa),
general scaling laws describe themechanical response of living cells;
both the elastic and viscous components increase with frequency.
At long timescales (low frequencies: 0.01Hz–100Hz), live cell
active and passive microrheology have shown that G′ and G′′ are
coupled, with a loss tangent η=G′′/G′∼ 0.3, and G∗ following a
weak power law, with an exponent between 0.05 and 0.35 (refs 1,6).
This response has been interpreted in terms of phenomenological
soft glassy theories4. At higher frequencies (100Hz–∼1 kHz) G∗
is expected to show a stronger frequency dependence, with G′′
eventually dominating over G′. While a first explanation attributed
this to a purely viscous contribution of the cytoplasm, a more
mechanistic interpretation involves relaxation modes of individual
cytoskeleton filaments, which emerge at high frequencies7, as
suggested by passive microrheology experiments on reconstituted

cytoskeleton solutions8–11. In such systems,G∗ grows with frequency
from an elastic plateau to a strong power-law regime12–15. The
exponent of the power law is condition-dependent and, in living
cells, still a matter of debate due to the scarcity of data2,16,17. Passive
microrheology accesses short timescales (∼10 µs), but assumes
equilibrium conditions to estimate G∗ (ref. 15). While active
microrheology is suitable for probing the viscoelasticity of out-of-
equilibrium systems, such as living cells, it unfortunately operates
at frequencies <1 kHz, without accessing the fast dynamic regime
where single cytoskeleton filament dynamics prevail2,18. While some
atomic force microscopy works report measurements on cells at a
few tens of kHz, their application has been limited to the eigenmode
frequencies of the cantilever19,20. In this work, we adapted high-
speed atomic force microscopy (high-speed-AFM; ref. 21) and
performed active high-frequencymicrorheology on living cells from
1Hz to 100 kHz. This widens the explored dynamic range by two
orders of magnitude, comprising the expected dynamic regime of
cytoskeleton filaments. Our data suggest the existence of at least two
regimes: at low frequencies, the cell’s dynamic structural elements
at the mesoscale lead to a weak power law; at high frequencies,
single filament dynamics emerge, revealing stronger power laws
that depend on cell type and state. Interpretation in terms of single
filament theories of the viscoelastic response at high frequencies
provides a mechanistic description of the cytoskeleton of live cells.

We adapted high-speed-AFM with a miniature piezoelectric el-
ement with resonance frequency 200 kHz and a high-frequency
acquisition board (see Methods and Supplementary Fig. 2). Mi-
crocantilevers with resonance frequency 600 kHz in liquid and a
spherical tip grown at the end were used to perform active mi-
crorheology in the frequency range 1Hz–100 kHz (Fig. 1b–d and
Supplementary Information). The reduced dimensions of high-
speed-AFM cantilevers (7 µm by 2 µm) provided a viscous drag
coefficient of ∼0.04 pN µm−1 s (ref. 22), about two orders of mag-
nitude smaller than that of conventional cantilevers23,24, minimizing
the required viscous drag correction (Supplementary Fig. 5). Mea-
surements on polyacrylamide gels showed the expected flat plateau
of G′ at ∼0.3 kPa up to frequencies ∼60 kHz, G′′ being ∼10-fold
smaller than G′ up to 1 kHz, and showing an upturn at higher
frequencies (Supplementary Fig. 7). Previous active and passive
microrheology measurements on similar gels are in excellent agree-
ment with our results18,25, confirming the validity of our method.
Fibroblasts (NIH-3T3) were directly grown on high-frequency mi-
crorheology glass cylinder supports (Fig. 1a) fixed onto a 1.5-mm
side beamsplitter, allowing visualization of cells by transmissionmi-
croscopy, while maintaining the high-frequency capabilities of the
z-piezo (Supplementary Fig. 2)26. Measurements were carried out
in the perinuclear region to reduce variability andminimize bottom
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Figure 1 | High-frequency microrheology of living fibroblasts. a, Bright-field image of living 3T3 fibroblasts in the high-speed-AFM fluid chamber.
b, Scanning electron micrograph of high-speed-AFM cantilever. Scale bar, 10 µm. Courtesy of NanoWorld USC Series, NanoWorld AG, Neuchâtel,
Switzerland. c, Front view of the AFM cantilever showing the electron beam-deposited-spherical tip. Scale bar, 1 µm. d, Example of force–time trace with
1 kHz oscillation obtained on a living cell. At∼250 nm indentation, the contact time shows force-relaxation with the superimposed oscillation. The
maximum force is∼0.5 nN. The red line shows piezo displacement (550 nm+ 15-nm amplitude oscillation). e, Force–indentation loops obtained from the
contact region of force curves at di�erent oscillation frequencies, showing increased slope and hysteresis with frequency. f, Frequency dependence of the
complex shear modulus G∗(f)=G′(f)+ iG′′(f) of 3T3 cells (N=22). Error bars represent the standard error of the mean of the log-transformed data. The
arrowhead shows the transition frequency. Inset: loss tangent, η=G′′/G′ as a function of frequency. Error bars represent the standard error of the mean.

Table 1 | Fitted parameters of a double power law and transition frequency∗ for the di�erent treatments and cell types.

Cell A (kPa) α B (kPa) β ft (kHz)

Untreated 3T3s 3.48± 0.17 0.21± 0.01 0.15± 0.03 0.92± 0.03 84
+ Latrunculin-A 2.48± 0.27 0.20± 0.01 0.21± 0.06 0.94± 0.18 28
+ Blebbistatin 2.97± 0.38 0.24± 0.02 0.06± 0.02 1.21± 0.14 56
+ Calyculin-A 2.19± 0.38 0.09± 0.14 1.96± 0.38 0.38± 0.14 1.5
+ CK666 1.08± 0.13 0.09± 0.01 0.58± 0.09 0.59± 0.03 3.5

MCF10A (benign) 1.27± 0.26 0.27± 0.05 0.08± 0.28 0.93± 0.24 66
MCF7 (malignant) 0.14± 0.03 0.05± 0.02 1.77± 0.11 0.41± 0.01 10−3

Errors represent the standard deviation (see Supplementary Information). ∗The transition frequency (ft) was defined as the frequency at which A(ift)α=B(ift)β , that is, ft=exp( ln(B)− ln(A)
α−β

).

effects27–29, and at indentations 300 nm and with an oscillation am-
plitude of 15 nm, thus probingmainly the cortical cytoskeleton30. Up
to 300Hz, bothmoduli increased with frequency at a similar rate, as
shown by the increased slope and hysteresis of the force–indentation
cycles (Fig. 1e) with G′(f )>G′′(f ) and average loss tangent η∼0.25
(Fig. 1f, inset). Above 300Hz, G′′ grew at a faster rate, becoming
larger than G′ above 30 kHz. Accordingly, η increased from 0.37 at
300Hz to 1.76 at 60 kHz. Various works using magnetic twisting
cytometry and AFM have shown crossing of G′′ over G′ at fre-
quencies ranging from 100Hz to 1 kHz (refs 1,6,28). This apparent
discrepancymight be explained by cytoskeleton remodelling around
the probe, cell culture conditions or different mechanical response
between cell types and cell regions (cell interior versus cortex),
as passive microrheology suggests16,17. Nevertheless, previous AFM
and magnetic twisting cytometry measurements on 3T3 fibroblasts
showed no crossover up to 1 kHz, in agreement with our results18,31.
Based on the experimental observation of a weak power law at low
frequencies and a stronger power law at high frequencies supported
by semiflexible filaments theories2,16,32, G∗ was modelled using a
double power law G∗(f /f0) =A(if /f0)α+B(if /f0)β , where f0 is an
arbitrary frequency (1Hz, in our case), A and B scaling factors,
and α and β the low- and high-frequency exponents, respectively
(see Supplementary Information). In particular, the exponent β is
expected to be 1 for a purely viscous response, and 0.5, 0.75 or 0.875
if the transverse or longitudinal relaxationmodes of the cytoskeleton
filaments dominate7. Interestingly, for living 3T3 fibroblasts, the
best fit to G∗(f ) resulted in a weak power law between 1Hz and

1 kHz with an exponent α= 0.21± 0.01, where the response to
mechanical deformations was mainly elastic (Fig. 1 and Table 1).
At the newly accessible high-frequency regime (1 kHz–100 kHz), an
exponent β=0.92±0.03 described well the increasingly dominant
contribution of G′′(f ). We defined a transition frequency of 84 kHz,
above which the strong power-law component became dominant
(Table 1). Although other interpretations are plausible, for example,
a purely viscous behaviour (see Supplementary Information), the
exponent β=0.92 is close to 0.875, predicted to originate from lon-
gitudinal relaxation modes of single cytoskeleton filaments tensed
below a certain critical force14,33. This scaling has been observed
before on non-crosslined actin solutions12. This suggested that lon-
gitudinal modes of semiflexible filaments subjected to low tension
dominate the mechanical response of the cortical cytoskeleton at
short timescales.

To test whether the high-frequency response depends on the
organization and state of the actin network, we treated cells
with different drugs altering the structure and prestress of the
actin cytoskeleton (Fig. 2 and Table 1). Actin disruption with
Latrunculin-A (Fig. 2a) and Myosin II inhibition by Blebbistatin
(Fig. 2b) had similar effects on fibroblasts. The elastic modulus
decreased significantly at frequencies <1 kHz, whereas the viscous
modulus was not greatly affected. Instead, the high-frequency
regime was characterized by increased viscous moduli. Compared
to cells with intact cytoskeleton, the transition frequency was lower
in cells with disrupted actin or reduced prestress (28 kHz and
56 kHz, respectively; compared to 84 kHz for untreated cells). In
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Figure 2 | High-frequency microrheology of fibroblasts with altered actin cytoskeleton. a–d, Frequency-dependent shear moduli and loss tangents
(insets) for untreated cells (grey) and cells after cytoskeletal alterations (red). Arrowheads show the transition frequencies. a, Disruption of the actin
cytoskeleton by Latrunculin-A (N= 10). b, Reduced prestress by Blebbistatin (N=8). c, Increased prestress by Calyculin-A (N= 13). d, Actin branching
inhibition by CK666 (N=6). Solid lines represent the best fits of a double power law to treated cells. Fit parameters are shown in Table 1. Error bars in G∗

represent the standard error of the mean of the log-transformed data. Error bars in η represent the standard error of the mean.

both treatments, the low-frequency regime showed a more fluid-
like response than for untreated cells, whereas the high-frequency
regime exhibited a purely viscous behaviour, indicated by β∼1
(0.94 for Latrunculin-A and 1.21 for Blebbistatin, Table 1). A
physically meaningless exponent >1 may suggest contributions
not considered by single filament theories, such as poroelasticity,
that may result in a more complex viscoelastic response, not fully
described by a double power law. Interestingly, the loss tangent,
η, was higher over the entire frequency range explored, indicating
overall higher viscous stresses in treated than in untreated cells
(Fig. 2a,b, inset). While at low frequencies this increase was due to
a decreased G′, at high frequency the effect was mainly due to the
increase of G′′. Thus, upon disruption of actomyosin cytoskeleton,
the mechanical response at short timescales appeared dominated
by the viscous cytoplasm. Increasing intracellular tension with
Calyculin-A resulted in no substantial variation of the moduli
at low frequencies (Fig. 2c). Noteworthy, at frequencies >1 kHz,
the measured elastic moduli increased, thus being larger than the
viscousmoduli over the whole dynamic range. Accordingly, an η<1
underlined a prevalently elastic response of cells with increased
prestress (Fig. 2c, inset). Furthermore, both exponents (α= 0.09
and β = 0.38) were smaller than for untreated cells, reporting
solid-like behaviour over the entire frequency range. The transition

frequency was 50 times lower (1.5 kHz) than on untreated cells;
hence, the high-frequency response dominated over a much wider
dynamic range. An exponent β = 0.38 compares to 0.5 observed
on myosin II-prestressed actin networks11,15. As predicted before,
this suggests that prestress must be above a certain level to govern
the fast viscoelastic response of living cells33. Finally, we reduced
actin crosslinking by inhibiting Arp2/3 with CK666, which induces
architectural changes of the actin cortex from mesh-like to parallel
arrangements34. CK666 reduced both elastic and viscous moduli
at low frequencies, while η remained similar to that of untreated
cells (Fig. 2d). The high-frequency response resembled that of
cells with increased prestress, with G′(f ) > G′′(f ), and a small
η, but η close to one above 10 kHz. Noteworthy, the transition
frequencywas 25 times lower (3.5 kHz) than of untreated cells, again
suggesting dominance of the high-frequency regime over a wide
frequency range. The exponent β= 0.59± 0.03 is compatible with
prestressed filaments, suggesting that branching inhibition induced
long filaments that result in softer cells at low frequencies, but amore
elastic response than untreated cells at short timescales.

We thus hypothesized that cell types with different cytoskeletal
properties exhibit distinctive behaviour at high frequencies. Hence,
we compared the mechanics of benign (MCF10A) with malignant
(MCF7) breast cancer cells. Previous works have shown that MCF7
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Figure 3 | High-frequency microrheology of benign and malignant cancer cells. a,b, Frequency-dependent shear moduli of benign (MCF10A, N=9) (a)
and malignant (MCF7, N=9) cancer cells (b). Arrowheads show the transition frequencies. Solid lines represent the best fits of a double power law with
parameters shown in Table 1. c, Frequency-dependent loss tangent η=G′′(f)/G′(f). Error bars in G∗ represent the standard error of the mean of the
log-transformed data. Error bars in η represent the standard error of the mean.

cells were more compliant and generated higher intracellular
forces than MCF10A35,36. Our high-frequency microrheology
measurements revealed that both cell types have elastic moduli an
order of magnitude lower than fibroblasts (0.1 kPa versus 1 kPa
at 1Hz), and a higher loss tangent η, indicating a more viscous
behaviour. Recent active measurements on these same two cell
types at frequencies <100Hz are in excellent agreement with our
results36. However, MCF7 exhibited a different frequency response
than MCF10A (Fig. 3a,b). The loss tangent of MCF10A weakly
increased from 0.3 to 0.8 up to 30 kHz, and sharply shifted to ∼2
above this frequency. Instead, malignant MCF7 cells exhibited a
weaker increase of the loss tangent from 0.4 to 0.7 up to 60 kHz,
always<1 except at 100 kHz (Fig. 3c). This implies that MCF7 were
slightly more viscous at low frequencies, but more elastic at short
timescales than MCF10A. Importantly, elastic stresses dominated
over the whole frequency range in MCF7. At high frequencies,
unlike MCF10A that showed a purely viscous response, but similar
to fibroblasts with enhanced prestress (Fig. 2c), the G∗ response of
MCF7 was consistent with a tensed cytoskeleton network (β=0.41,
Table 1). Remarkably, as reflected by the much lower transition
frequency of malignant MCF7 (∼1Hz) compared to that of
MCF10A (66 kHz), the contribution of this tensed filament response
dominated almost the entire dynamic range. In contrast, passive
microrheology measurements at high frequencies have recently
shown similar viscoelastic responses for MCF7 and MCF10A, both
consistent with an exponent of 0.75 (ref. 37). As has been suggested
before, it is likely that passive methods probe the intracellular
network, while AFM probes the cortical cytoskeleton16. The
dramatic difference we observe between the transition frequency
and the scaling laws at high frequency of malignant and benign
cells cortex suggests a possible marker of the metastatic state, more
discernible than the absolute magnitude of an elastic modulus.

Thanks to the wide accessible frequency range we were able to
identify two viscoelastic regimes: a low-frequency regime where the
structural elements of the cell cytoskeleton at the mesoscale seem
to dominate the viscoelastic response, and a high-frequency regime
in which the response is well described by single filament theories.
Our data show that the mechanical response to high-frequency
deformations is richer than previously suggested and reflects the
morphological and dynamical state of the cytoskeleton. Although
known theories do predict some of the observed frequency
responses, deeper understanding may require taking into account
the complex molecular nature of cytoskeletal elements38, such as
the rate-dependent mechanical response of individual proteins22.
We expect that probing cell viscoelasticity at the now-accessible

frequency range will stimulate the development of such refined
theories. Moreover, combination of our approach with passive
microrheology will allow us to assess if the cell is in thermal
equilibrium at the now accessible short timescales, as some works
suggest39–41. Finally, high-frequency microrheology opens the door
towards a univocal characterization of the mechanical phenotype
of living cells, and is likely to provide new insights into other soft
matter systems such as biopolymer gels and emulsions.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Cell culture. NIH-3T3 fibroblasts (ATCC) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco) supplied with 10% Bovine Serum Albumin (BSA;
Gibco) and split at 80% confluence. They were detached using
Ethylenediaminetetraacetic acid (EDTA) 0.02% in phosphate buffered saline (PBS)
(Versene Solution, Gibco). MCF7 (ATCC HTB-22) were cultured in DMEM
supplied with 0.01mgml−1 human recombinant insulin (Sigma, I2643) and 10%
BSA (Gibco). MCF10A (ATCC CRL-10317) were cultured in Mammary Epithelial
Basal Medium (MEBM; Promocell C-21010) supplemented with Bovine Pituitary
Extract 0.004mlml−1, Epidermal Growth Factor (recombinant human) 10 ngml−1,
human recombinant insulin 10 µgml−1, hydrocortisone 0.5 µgml−1 (Promocell
SupplementPack C-39110) and 100 ngml−1 Cholera Toxin (Sigma, C8052). For
AFMmeasurements, cells were grown overnight (20–30% confluence) on glass
rods of 1mm diameter coated with fibronectin (Sigma, F1141). Small and light
glass rods are required to fit the small dimensions of the piezo elements
(2mm× 2mm) and to prevent changes in the piezo response.

Drug treatments. All drugs were dissolved in dimethyl sulfoxide (DMSO), then
diluted in Hank’s Balanced Salt Solution (Gibco 14170120) before experiments.
Drugs were directly added to the fluid chamber of the AFM from a mother solution
to reach the desired concentration. The final concentrations were: Blebbistatin
(Myosin inhibitor, Sigma B0560), 20 µM; Latrunculin-A (Actin disruptor, Sigma
L5163), 500 nM; Calyculin-A (contractility agonist, Sigma 21279), 50 µM; CK666
(Arp2/3 inhibitor, Sigma SML0006), 50 µM.

High-speed AFMmeasurements.Microrheology measurements were performed
with a modified high-speed AFM (RIBM) equipped with a high-frequency
function generator (33500B, Keysight), 100MHz-bandwidth acquisition board and
computer (PXI/PCI-5122, National Instruments) interfaced with home-built
software developed in Labview. We adapted high-speed-AFM (ref. 21) with a
miniature piezoelectric element of high resonance frequency (200 kHz, see
Supplementary Fig. 2). High-frequency microrheology measurements were carried
out in Hank’s balanced salt solution (Gibco) at room temperature. To account for
evaporation, the solution was exchanged every 10min (that is, the time necessary
to measure one cell). Cells were grown on glass cylinders of 1.5mm height and
1mm diameter. The cylinder was then mounted on the z-piezo, on top of a prism
which allows transmitted illumination of the sample26. We used
NW-USC-F1.2-k0.15-B500 microcantilevers (Nanoworld), with nominal spring
constant of 0.15 nNnm−1, resonance frequency of 1.2MHz in air and∼600 kHz in
liquid, and reduced viscous drag (4×10−5 nNms nm−1). At the end of the
cantilevers, a tip was grown by electron beam deposition featuring a sphere of 1 µm
diameter, reducing the viscous damping effect near the solid support and
minimizing the change in the resonance frequency by the added mass (Fig. 1a–c).
To reduce unspecific adhesion between the cantilever tip and the cell surface, tips
were incubated at room temperature with Pluronic 0.01% for 10min. Pluronic
0.01% was also added to the cell medium to further prevent tip contamination. The
calibration of the spring constant and the deflection sensitivity was done using the
Sader method for each cantilever and each experiment42,43. The deflection
sensitivity was calibrated before and after measuring each cell by recording the
thermal spectrum and using the calibrated spring constant. The signal in liquid was
corrected for the effects of the different oscillation modes of the cantilever and the
tilting angle44. For engaging, we set a deflection setpoint of∼400 pN.
Measurements were carried out around the perinuclear region to minimize
variability and avoid influence of the hard substrate29. The possible effect of the cell
tilt angle within the perinuclear region was estimated to be<6% (<20◦ angle)
and∼3% on average, much smaller than the intracellular variability28,45. Force
curves were carried out with a ramp size of 550 nm, with approach and retract
velocity of 5.5 µms−1. Simultaneously, a sinusoidal signal of 15-nm amplitude was
added to the piezo movement using a function generator. Small-amplitude
oscillation was used to assure linear response of the cell and minimize ageing of the
piezo. Oscillatory measurements were performed in the frequency range
1Hz–100 kHz, at an operating indentation.300 nm. The indentation was kept
constant for a variable time according to the frequency applied, from a minimum
of 10ms at 100 kHz to a maximum of 10 s at 1Hz oscillation frequency
(Supplementary Fig. 1). The change in the indentation due to stress relaxation of
the cell (change in deflection<3 nm) was<1%, resulting in a negligible change in
the contact area. Measurements at different frequencies were performed in
random order.

Characterization of the z -piezo. To characterize the amplitude and phase
response of the z-piezo, we acquired force curves in liquid with a superposed
oscillation on the glass surface of each sample, at all frequencies used to measure
cells. This characterization was carried out at the end of each experiment on a
clean, bare region near the probed cells; thus, on the exact same sample supports,
and using the same amplitudes as during the measurements. Since, in some cases,
the bare glass was not clean enough for calibration, the average phase delay from all
calibrations, ϕ, was calculated and used to correct the measurements on cells

(Supplementary Fig. 2A). Because the oscillation amplitude increases when the
driving frequency approaches the mechanical resonance of the piezo, we measured
the real oscillation amplitude of the piezo at all frequencies used (Supplementary
Fig. 2B), and subsequently corrected the input signal recorded by the acquisition
board. The voltage sent to the piezo was adjusted to obtain always the same
oscillation amplitude of 15 nm. The low variability in the piezo response confirmed
that ageing of the piezo was negligible.

Viscous drag calculation.We estimated the viscous drag acting on the cantilever
at contact by recording the deflection of the cantilever at different distances from
the surface due to 15-nm amplitude oscillations of the z-piezo, as described by
Alcaraz and colleagues23. The drag transfer function was thus computed as:
Hd(f )=F(f )/δ(f )e−ϕ , where F(f ) and δ(f ) are the Fourier transform of the
force and indentation, respectively, f is the driving frequency, and ϕ is the phase
delay of the piezo. The drag factor B was then calculated as B(h)=Hd/(2πf )
(Supplementary Fig. 3B). The drag factor at contact was thus extrapolated
at the intercept at h=0. The value of B(0) obtained on glass was of
4.0× 10−5 nN ms nm−1. To estimate B(0) on cells, where the uncertainty
in the determination of the point of contact is important, we exploited the
non-contact part of the force curves, and obtained values between 2.5 and
3.5× 10−5 nNms nm−1 (Supplementary Fig. 3B). An average value of
3.0× 10−5 nNms nm−1 was then used to correct for the viscous drag contribution
of the cantilever.

Data processing. Data were processed using custom programs written in Matlab
2013a (Mathworks). Briefly, force curves showing an indentation.300 nm and
maximum force of∼1 nN were used. Only the force–displacement loops with
coherence higher than 0.9 between the force and z-signals were selected for
subsequent analysis. The full contact region was then windowed with a
Hamming window and the force-relaxation separated from the oscillation by
moving-average filtering.

The complex modulus G∗(f ) was calculated from the force–indentation (F–δ)
loops in the contact region by Fourier analysis, similarly to the method used by
Alcaraz and colleagues6. Briefly, the total transfer function is derived by
transforming the equation of motion of the cantilever into the frequency domain,
and dividing it by the indentation, as explained in ref. 23. The resulting
equation for the total transfer function was computed as: Htot(f )=F(f )/δ(f )e−iϕ ,
where F(f ) and δ(f ) are the Fourier transforms of the force and deflection,
respectively, and iϕ is the delay of the piezoactuator. The transfer function of the
sample was calculated as

Hs=Htot

(
1−

(
f
fR

)2)
−Hd

where fR is the resonant frequency of the cantilever, and Hd=B(0) ·2πif . Because
at the highest frequencies f is∼1/5 of fR, we did not neglect the term (f /fR)2 as
done in previous works at lower frequencies23. We then computed the complex
shear modulus from the Taylor expansion of the Hertz model of a rigid sphere
indenting an elastic half space, as

G∗
(
f
)
=Hs(f ) ·

1−ν
4 ·
√
R · δ0

where ν is Poisson’s ratio (assumed 0.5), δ0 the operating indentation (∼300 nm),
and R the tip radius (500 nm)6,18.

Data analysis and statistics. Due to the log-normal distribution of the shear
modulus (Supplementary Fig. 7), average values for G∗(f ) at each frequency
(Figs 1e, 2 and 3) correspond to the geometric mean of the values obtained on each
single cell. Error bars represent the standard error of the mean of the
log-transformed data. The average values were fitted to a double power law:

G′(f )=Acos(πα/2)f α+Bcos(πβ/2)f β

G′′(f )=A sin(πα/2)f α+B sin(πβ/2)f β

by chi-square (χ 2) minimization of the log-transformed data, leaving the four
parameters, A, B, α and β , free. Errors on the fitted parameters were estimated
using jackknife resampling. Briefly, for each condition we repeated the
computation of the average G∗(f ) as many times as the number of cells, each time
excluding one set of measurements. We thus fitted each average G∗(f ) to the double
power-law model and obtained A, B, α and β for each resampling. The errors on
the parameters report the standard deviation of the parameters obtained from
all the fits46.

To assess the reliability of the fitted model, we repeated the fit of G∗(f ) for the
data set by fixing one exponent: α=0, β=1/2, β=3/4, β=7/8, β=1
(Supplementary Table 1). From the minimized χ 2 of each fit, we computed the
cumulative probability (p) of a chi-square distribution with that particular χ 2 value
and N-M degrees of freedom,M being the number of data points and N the
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number of fitted parameters. The complement of p, q=1–p, provides a quantitative
estimation of the goodness of the fit for each model46. Obviously, the chi-square
value was always the lowest when leaving all parameters free (Supplementary
Table 1). Except for the model assuming a flat plateau at low frequencies, all models
provided q values similarly close to 1. Thus, for consistency, we opted for reporting
all the values obtained by unconstrained fitting of the double power-law model.
Nonetheless, we interpreted the fitted β exponent in terms of one of the available
theories—thus, assuming a fixed β value. All data processing and analysis were
performed in Matlab 2013a (Mathworks).

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon request.
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