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The viscoelastic response of living cells to small external forces and deformations is characterized by
a weak power law in time. The elastic modulus of cells and the power law exponent with which the
elastic stresses decay depend on the active contractile prestress in the cytoskeleton. It is unknown
whether this also holds in the physiologically relevant regime of large external forces and deformations.
We used magnetic tweezers to apply stepwise increasing forces to magnetic beads bound to the
cytoskeleton of different cell lines, and recorded the resulting cell deformation (creep response). The
creep response followed a weak power law at all force levels. Stiffness and power law exponent
increased with force in all cells, indicating simultaneous stress stiffening and fluidization of the
cytoskeleton. The amount of stress stiffening and fluidization differed greatly between cell types but
scaled with the contractile prestress as the only free parameter. Our results demonstrate that by
modulating the internal mechanical tension, cells can actively control their mechanical properties over
an exceedingly large range. This behavior is of fundamental importance for protection against damage

caused by large external forces, and allows the cells to adapt to the highly variable and nonlinear

mechanical properties of the extracellular matrix.

Introduction

Living cells are very soft, with elastic moduli typically on the
order of one kilo-Pascal. To form larger multicellular organisms,
the mechanical support provided by connective tissue and skel-
etal structures is therefore essential. The mechanical properties of
the cells are nonetheless important for a number of functions
such as cell division, phagocytosis, migration, and contraction.
Living cells form a complex active material with both solid-like
elastic and fluid-like viscous properties. In response to external
mechanical stress, they exhibit viscoelastic phenomena such as
creep and stress relaxation. A striking feature is that the visco-
elastic moduli show a weak power-law dependence on time or
frequency, corresponding to the absence of any characteristic
relaxation times in the system. The two parameters of this
power law, stiffness and power law exponent, are not indepen-
dent: stiff cells in general have a smaller power law exponent and
thus appear more solid-like than soft cells.*

The power law rheology of living cells is linked to another
important mechanical property: the active internal tension
generated by the actomyosin cytoskeleton. The stiffness of
adherent cells increases linearly with their contractile tension.”
Consequently, the three parameters stiffness, power law
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exponent, and contractile tension are linked by a simple
phenomenological relationship. These observations are universal
and hold independent of cell type and experimental technique®®
as long as measurements are carried out using small forces and
deformations to ensure a force-independent linear response.
However, the large forces and deformations that cells experience
under physiological conditions in the living organism often
exceed the linear regime.!®

Measurements of cell mechanical properties have also been
carried out in a high-force or large-deformation regime, but with
contradictory results. Cells have been reported to stiffen,’*™3 to
fluidize and yield,'*** or to remain completely linear and time-
scale invariant® after application of external stretch, depending
on experimental conditions and cell models used. Single cell
measurements in the non-linear regime are technically difficult,
however, and in particular the separation between non-linear
elastic and non-linear viscous responses is challenging.

For this study, we developed a technique that allowed us to
measure the time- and force-dependent viscoelastic properties of
adherent cells in response to large forces.'® The microrheological
creep response of seven different cell types was determined by
applying a staircase-like sequence of increasing force steps to
magnetic beads bound to the cytoskeleton. The resulting bead
displacements were recorded and analyzed using a force-depen-
dent superposition approach to distinguish between time-
dependent and force-dependent properties. We found power-law
time dependence of the creep response regardless of the applied
force, and an increase of both the stiffness and the power law
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exponent with force, indicating simultaneous stress stiffening
and fluidization. Stiff and elastic cells stiffen less but fluidize
more compared to soft and fluid-like cells. Stiffness data from all
cell types and all force levels were found to depend only on the
sum of cytoskeletal prestress and externally applied stress, i.e. the
total mechanical tension in the cell. The increase of the power law
exponent with increasing external stress was also found to
depend on cytoskeletal prestress, consistent with the notion of
force-dependent unbinding of elastic cytoskeletal bonds as the
main source of stress dissipation.

Our results show that living cells can actively tune their stress
stiffening and fluidization behavior in response to large external
forces by modulating their cytoskeletal prestress. To adapt to
different mechanical conditions, cells need to adjust only the
activity of their actomyosin contractile apparatus. The cyto-
skeletal prestress defines the constitutive elastic and frictional
behaviors both in the linear and non-linear regime, for a variety
of cytoskeletal manipulations, for a wide range of timescales, and
for diverse cell types. Our finding may be important for a quan-
titative description of biological processes involving a mechan-
ical interaction between cells and their environment, such as
matrix remodeling, mechanosensing, or tissue development.

Results
Power law behavior holds at all forces

When a constant force pulse f, was applied to magnetic beads
bound to integrin cell surface receptors, the resulting bead
displacement d(¢) always followed a weak power law, d(f) « #*.
This power-law time dependence was independent of the applied
force magnitude (Fig. 1). We estimate the typical strain y(¢) as
the displacement d(¢) divided by the bead radius r, and the typical
stress ¢ as the applied force divided by the bead cross-sectional
area, r*7. The creep compliance J(¢) in units of Pa~' is then given
by d(#)/f times a constant geometric factor 7r = 7.1 pm and is fit
to the equation

J(t) = Jo(tlty)® ()

with time normalized to 79 = 1 s. The power-law exponent
B characterizes the time-dependent viscoelastic properties and
was between 0.1 and 0.5, where 8 = 0 corresponds to an elastic
solid and 8 = 1 to a viscous fluid. The inverse of the prefactor,
1/Jy, is equivalent to a shear modulus K at time r = 1 s. Jy
decreased with force (Fig. 1¢), indicating stress stiffening and the
breakdown of linear superposition. With this protocol, however,
a cell cannot be measured repeatedly at multiple force levels
because the cytoskeletal structure may not return quickly enough
to its undisturbed state in between measurements, and also
because at longer timescales cells can actively respond to force.
With only one force level per cell, the force dependence might be
confounded by the large cell-to-cell variability of the mechanical
properties. Moreover, a single force step can only measure the
secant moduli that are less sensitive to force compared to
a differential measurement. From single-step creep experiments,
therefore, no reliable conclusion about the force dependence can
be made.

a Magnetic
Tweezers ’ / b
/.- v 4

Cell Bead
A/

displacement (um)

force

0.5nN 1 1 1
time (s) 10

112
time (s)

Fig. 1 Fig. 1Measurement of nonlinear viscoelastic properties of
adherent cells using magnetic microrheology and a differential creep
protocol. (a) The gradient force generated by magnetic tweezers acts on
superparamagnetic beads coated with fibronectin that are bound to the
cytoskeleton of adherent cells via integrin receptors. (b) SEM image of
a fibroblast with a 4.5 um bead (arrow) bound to its surface. Scale bar =
20 um. (c) Creep response to force steps of 2.5 nN (top), 7.5 nN (middle)
and 12.5 nN (bottom) always followed a power law over time, J(f) = Jo(t/
to)°. Inset: the decrease of the prefactor J, with increasing force indicates
stress stiffening. (d) A staircase-like sequence of increasing force steps
was applied, and the displacement was fit to a superposition of creep
processes (eqn (5) and (6)).

Stress stiffening

In order to quantify the force dependence of the creep response
and the parameters J, and (B, a staircase-like sequence of
increasing force steps was applied in a single measurement. The
displacement after the n™ force step at time 7, was fitted to
a superposition of creep processes with a response function J(7)
that depends not only on time but also on the currently applied
total force (see Materials and methods). Stress stiffening
(increase of 1/Jy with force) as well as fluidization (increase of
6 with force) were observed in all cell types. Fibroblasts were on
average 3.5 fold stiffer but showed less stress stiffening compared
to epithelial cells. To quantify the relationship between stiffness
and stress stiffening, data from all experiments were pooled and
grouped by stiffness. The stiffest and most elastic cells showed
the smallest amount of stress stiffening (Fig. 2).

In the following, we show that different degrees of stiffening
are caused by different levels of prestress in the cell. We take the
total mechanical tension in the cytoskeleton as the sum of active
(myosin-generated) internal prestress o, and passive external
stress g, imposed by the magnetic bead. This mechanical tension
is counterbalanced by the substrate so that all internal and
external forces sum up to zero. Furthermore, we assume that the
linear relationship between the differential stiffness K’ and the
cytoskeletal stress, which has been previously reported for
various cell types”'»!” is a universal property and also holds in
the cell lines tested here. K’ can then be expressed as

d
K'(0) :é:Ké +a(o, +0.) )
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Fig. 2 The stress stiffening follows a simple relationship with the total
cytoskeletal mechanical stress. (a) Stiffness 1/J, versus applied stress,
grouped by the stiffness at the smallest force (n = 395 cells). Stiff cells
show less stress stiffening compared to soft cells. Black lines: fit of eqn (2)
with common parameters a = 1.68 and K, = 5 Pa, and prestress as free
parameter. (Top inset) Inhibition of cytoskeletal prestress by ML-7 in
MEF cells (black triangles) reduced stiffness and accentuated stress
stiffening compared to untreated cells (open squares). (Lower inset)
Initial stiffness 1/Jy vs. prestress for all data. Solid line: prediction by eqn
(2). (b) Creep response J(¢) for the first force step vs. time, same grouping
as in (a). Solid lines: fit to eqn (3), with common parameters j, = 5.59 x
1077 Pa! and 7o = 5.5 x 107" s, and 8 as free parameter. (Inset)
Measured exponent vs. prestress from (a). Solid line: prediction from eqn
(4). Standard errors are smaller than symbol size in all cases.

where the prefactor a characterizes the dependence of stiffness on
stress, and K’ denotes the linear stiffness at the force-free state.

We could fit eqn (2) to all force—stiffness curves in Fig. 2a using
only a single value for Ky’ and a, leaving the contractile prestress
op as the only free parameter. This implies not only that cells with
higher prestress are stiffer but also that the relative increase of
total mechanical tension due to external forces is smaller and
therefore causes only small additional stress stiffening. The
values of prestress obtained from the fit of eqn (2) are propor-
tional to the average measured stiffness at the smallest force
(Fig. 2, inset). The validity of eqn (2) is supported by additional
observations: first, the fit yields prestress values of up to 1500 Pa,
which is on the order of the maximum traction stress that
adherent cells can exert on their substrate.” Second, the values for
the linear modulus Ky’ in the absence of prestress are in the range
of a few Pa, which is similar to the stiffness of unstressed

crosslinked actin networks."® And third, integration of eqn (2)
yields an exponential stress—strain relationship, which is char-
acteristic of many biological tissues'® and has also been observed
when stretching whole cells.!* The quality of the fit can only be
marginally improved with a non-linear stiffness—prestress rela-
tionship according to K'(¢) = Ky’ + ac*. The fitted value of the
exponent x is 1.13, which is close to unity and therefore in
support of a linear stiffness—prestress relationship.

Ruling out active cell responses

We performed a number of tests to rule out that the observed stress
stiffening after force application is a result of mechano-chemical
signal transduction processes. First, we suppressed actomyosin
contraction with the myosin light chain kinase (MLCK) inhibitor
ML-7" in the highly contractile mouse embryonal fibroblast
(MEEF) cells. As predicted by eqn (2), a reduction of prestress by
ML-7 results in reduced stiffness and more pronounced passive
stress stiffening (Fig. 2, inset). Force-induced contraction therefore
cannot explain the observed stress stiffening. Second, we used
beads coated with poly-L-lysine instead of fibronectin. Such beads
connect to the cytoskeleton through membrane-associated
proteins without inducing integrin activation or focal adhesion
reinforcements,?**! and force application to such beads does not
induce mechano-sensitive active responses.?? The resulting stress
stiffening response, however, is indistinguishable from that
obtained with FN-coated beads (Fig. S17). The influence of other
mechano-transduction mechanisms such as cell contraction in
response to stretch-activated ion channel activation can be ruled
out by the fact that the stiffening response was instantaneous
(Fig. 1c), and the power-law slope of the creep-response was
constant at all timescales (Fig. 2b). To exclude stiffening due to
active remodeling of the cytoskeleton on longer timescales, we
completed our experiments within ten seconds.

Power law rheology and stiffening

More contractile cells are not only stiffer, they also display
a smaller power law exponent and hence more solid-like prop-
erties compared to less contractile cells.** In particular, the
creep response curves from differently contractile cells, when
extrapolated to short timescales, pivot around a common inter-
section, or fixed point jy, at very small time 7o of 107" s to 10~'%s,°
and obey the scaling equation

J(1) = jo(tlto)® (©)

with 6 > 0. We validated this observation in our data by fitting
the creep response during the first force step (500 pN) to eqn (3)
with a common intersection at jo = 5.59 x 1077 Pa~' and 7y = 5.5
x 107" s (Fig. 2a, inset). For eqn (2) and (3) to hold at the same
time in the linear regime (the external stress o, is small compared
to the prestress 0,,), the following relationship between prestress,
stiffness and power law exponent must also hold:*?

In[o (K} + acy)]
B(o) == ua/ty)

Indeed, the creep exponent obtained from the data in Fig. 2b,
when plotted against the prestress obtained from the data in

4)
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Fig. 2a, closely follows eqn (4) without any further adjustment of
parameters (Fig. 2b, inset). Consequently, the response of living
cells to large external forces is described by a single relationship
which links power law rheology to nonlinear elasticity. The only
free parameter that defines this relationship is the contractile
cytoskeletal prestress oy,

Fluidization

The power law exponent § increased in all cells with the loga-
rithm of the external force, indicating force-induced fluidization
and yielding events (Fig. 3). We define fluidization here as an
increase of the power law exponent, regardless of concurrent
stiffness changes. We find, surprisingly, that fluidization and
stress stiffening occur at the same time in the same cell.

The amount of fluidization with external force differed
between cells and was quantified by the slope z = dg/d(log o).
Cells with more solid-like behavior (small ) showed the most
pronounced fluidization (largest z), whereas cells that were
initially more fluid-like (large 8) showed no further increase of
B during creep (small z). The fluidization slope z decreased
linearly with increasing 8 (Fig. 3, bottom inset), which in turn
depends on cytoskeletal prestress o, according to eqn (4).
Therefore, the fluidization of cells in response to large external
forces is modulated mainly by the prestress. In agreement with
this observation, we found attenuated fluidization responses in
MEF cells after the actomyosin contraction was suppressed with
the MLCK inhibitor ML-7 (Fig. 3, top inset).

Discussion

Power law rheology, stress stiffening and fluidization in adherent
cells have been reported in numerous studies using diverse
experimental methods. The present study shows that these three
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Fig. 3 The power law exponent increases with applied external stress.
Data for all cell lines are grouped by the exponent at the smallest force
(n = 395). Elastic cells (small §) show a higher amount of fluidization in
response to force application compared to more fluid cells (large 8). (Top
inset) Inhibition of cytoskeletal prestress by ML-7 in MEF cells (black
triangles) leads to an increase in § but reduces fluidization compared to
untreated cells (open squares). (Lower inset) The amount of fluidization,
or slope of the solid black lines, z, decreases linearly with the initial
exponent. Standard errors are smaller than symbol size in all cases.

phenomena are not independent of each other, but are linked by
a single common parameter, which is the cellular prestress. This
discovery, together with previous findings on the universality of
cell mechanical behavior, strongly indicates a common under-
lying structural origin for power law rheology, stress stiffening
and fluidization.® However, a constitutive theory of cell
mechanics from which the phenomenological relationship
reported here could be derived has not been developed so far.
Instead, a number of different theoretical explanations exist that
each captures different aspects of cell mechanical behavior.

Passive stress stiffening is a generic property in biopolymer
networks, cells, and tissues. There are various mechanisms that
account for passive stiffening. In fibrous materials, alignment of
initially sloppy fibers along the direction of deformation causes
an increased resistance or stress.'® On a microscopic level, the
nonlinear force—elongation relationship of individual semi-
flexible filaments contributes to the stress stiffening behavior of
the network.?*2® The linear relationship between stiffness and
external stress that we and others report'*** corresponds to the
exponential stress—strain relationship that is characteristic of
many biological materials.'®

In adherent cells, stress stiffening occurs not only due to
external stress, but also in response to internally generated
contractile forces that are counterbalanced by stiff microtubules
or by the substrate the cell adheres to.” In this regard, cells
behave like tensegrity structures.”?” Simple tensegrity models
with few elements can quantitatively explain the linear relation-
ship between differential stiffness and cellular prestress.?® In
principle, such models can be extended to describe power law
rheology by incorporating viscoelastic elements® or structural
rearrangements® into prestressed tensegrity structures. The
importance of prestress for power law rheology in tensegrity
structures is debated, however. Suspended cells, which cannot
develop prestress against a substrate, seem to exhibit a different
behavior,?! although a recent study reports power law rheology
also in suspended cells.*?

Timescale-free power-law behavior indicates a broad distri-
bution of relaxation times of the underlying microscopic dissi-
pation mechanism, as described by the theory of Soft Glassy
Rheology (SGR).** SGR theory has been a useful concept for
understanding cell mechanical behavior and has generated
a large number of predictions that have been experimentally
confirmed,'*** supporting the analogy between living cells and
soft glassy materials. While SGR is in good agreement with the
power-law behavior and stress-induced fluidization that we
report here, it does not account for stress stiffening.

This limitation has recently been overcome by combining the
SGR concept with the wormlike chain (WLC) description of
semiflexible polymers to explain stiffening, fluidization and
power law rheology in a single model.?*3¢ The Glassy Wormlike
Chain (GWLC) model describes the retardation of filament
relaxation due to sticky interactions, leading to an exponential
stretching of the w** relaxation spectrum of individual filaments.
The idea behind this concept is generic and applicable to cells and
other heterogeneous biological materials. There is experimental
evidence that at least in the high-frequency regime, cells show
a w”* scaling as predicted by the wormlike chain model.®37
Semiflexible polymer models can also account for the decrease of
the power law exponent with increasing prestress because the
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propagation of free energy along the filament depends on the
prestress.®®

Rigidly crosslinked semiflexible polymer networks exhibit
a stiffening exponent of 1.5 with stress,* which is in accordance
with WLC models but different from the linear relationship we
observe. Networks with more compliant crosslinkers such as
filamin, however, exhibit a linear dependence of stiffness on
stress, and they show a decrease in the power law exponent with
increasing stress.***? This behaviour is strikingly similar to the
behaviour of living cells and points towards a prominent role of
the elasticity and dynamics of crosslinks for the nonlinear
mechanical properties of cells.’® Due to the structural complexity
of the cytoskeleton, however, a single crosslinker alone such as
filamin cannot account for the nonlinear rheological properties
of the cell.*® Instead, the fact that stress stiffening, power-law
rheology and fluidization are observed in a wide variety of bio-
logical and biopolymer systems of different molecular composi-
tions but similar structural architecture leads to the conclusion
that the common rheological features have no specific molecular
but rather a structural origin, such as dynamic bond turnover or
tensegrity.

On a molecular level, the mechanism of contractile force
generation is the interaction of actin and myosin filaments, which
is well captured by the sliding filament model of skeletal muscle
proposed by Huxley** and Huxley and Simmons.** The Huxley
model resembles the SGR model in that it contains multiple
binding interaction energies, but with the addition of a force-
generating mechanism based on a Brownian ratchet. Highly
contractile cells such as fibroblasts and myoblasts exhibit
a remarkably muscle-like mechanical phenotype.'>* Conversely,
smooth muscle tissue also shows cell-like power law rheology,
stretch-induced fluidization and a reduced power law exponent
with increasing contractile activation.**” The latter is thought to
reflect a reduced actomyosin cycling rate due to a strongly bound
state of actin and myosin under contraction.*** From this
perspective, a combination of soft glassy rheology and models of
muscle contraction appears to be a promising approach towards
describing cell mechanics.>

Summary

Our results demonstrate that adherent cells control the amount
of stress stiffening and fluidization in response to large external
forces by modulating their contractile prestress. Highly
contractile cells are not only stiffer and more solid-like, they also
show less stress stiffening and increased fluidization compared to
less contractile cells.

The biological relevance of such nonlinear viscoelastic
behavior is wide-ranging. Soft and liquid-like cells, on the one
hand, need to stiffen in order to withstand large mechanical
stress. Stiff and solid-like cells, on the other hand, depend on
fluidization in order to be able to withstand large mechanical
strain without rupturing. Thus, by a single mechanism that is
present in all eukaryotic cell types—namely, by modulating the
activity of actomyosin contraction—cells can adapt to a wide
range of mechanical conditions. Moreover, by modulating their
contractile prestress, cells also change the mechanical state of
their environment, which is again sensed by the cells.>"5? This
mechanical feedback loop may be essential for the control and

robustness of many developmental growth processes. In this
connection, it is interesting that the passive nonlinear viscoelas-
ticity of cells closely resembles that of the extracellular matrix.'

Our data show that the time-dependent mechanical responses
of adherent cells to large forces and deformations obey clearly
defined empirical laws. Their knowledge is important for
a quantitative understanding of biological processes involving
mechanical interaction between cells and their environment, such
as matrix remodeling, mechanosensing, cell migration or tissue
development.

Materials and methods
Cell culture

Mouse embryonal fibroblasts (MEFs), NIH 3T3 mouse fibro-
blasts, F9 mouse embryonic carcinoma cells, MeWo human
fibroblast-like cells, and MDA-MB231, 786-O and A125 human
epithelial cancer cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (low
endotoxin), 2 mM L-glutamine, and 100 U mL~" penicillin/
streptomycin (Dulbecco’s modified Eagle’s medium, complete
medium; Biochrom, Berlin, Germany) and kept at 37 °C with 5%
CO,. One day prior to measurements, cells were harvested at 80%
confluence, seeded in 35 mm culture dishes (Nunclon Surface,
Nunc, Wiesbaden, Germany) at a density of 2 x 10° cells, and
maintained at 37 °C and 5% CO, overnight.

Magnetic tweezer experiments

To measure the creep response, we used a magnetic tweezer setup
that was optimized for applying high forces in the 10 nN range to
magnetic beads bound to living cells*® (Fig. 1a). A single force
step or a staircase-like increasing force was applied for 10
seconds. The resulting bead displacement d(7) was determined
from images recorded with a CCD-camera (Orca-ER, Hama-
matsu) at a rate of 40 frames s~'. Details of the experimental
protocol are described in ref. 53.

Data analysis

In the case of linear viscoelasticity, the creep response to a force
staircase is a superposition of power laws with identical param-
eters but different starting times. For single-step creep experi-
ments we have shown that the power law fit remains applicable
regardless of the force level (Fig. 1c). The parameters, however,
change with force, revealing that cells are a nonlinear viscoelastic
material'' and the superposition approach fails. Instead of
a single elastic modulus G, nonlinear elasticity can be quantified
using a differential stiffness K’, which is defined as the slope of
the stress—strain curve.!®?® Accordingly, we model the response
to each individual force step by a differential creep response

V(=) = 1(0) + S Vel = 1)~ Julty— 1)l (9)

with a creep response J,(f) that depends not only on time but also
on the total stress:

Jo(t) = Jo(o)(tl10)" (©6)
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The creep compliance Jy(o) corresponds to the inverse of
a stress-dependent differential elasticity K'(¢), and the power law
exponent describes the time dependence of the creep response at
each force level. Bead displacement data were analyzed and fit
using custom-written MATLAB programs.
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