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15 The cell as a material

The cell as a whole behaves like a viscoelastic material. By viscoelastic, we mean the the cell has
properties that are both fluid-like and solid-like. As a reminder, the stress/strain relationship for a
solid is

ȑ = &ȃ , (15.1)

where ȃ is the strain, ȑ is the stress, and & is the Young’s modulus. That is to say that the stress is
directly proportional to the strain, at least for small stresses/strains. Nonlinearities start to become
important for larger stresses or strains.

Conversely, the stress is proportional to the strain rate for a viscous fluid.

ȑ = ȅ ȃ̇ , (15.2)

where the overdot signifies time differentiation. This makes sense if we consider that stress coun-
teracts viscous dissipation due to velocity gradients. You may recall from our discussion of elastic
beams that the strain is the normalized displacement of material. As discussed in section 5.3 and 5.4
of PBoC2, the strain is given by the spatial derivative of the displacements V; ȃ = ɔB/B� = ∂V/∂Y
in one dimension. Then,

ȃ̇ =
∂

∂U
∂V
∂Y =

∂

∂Y
∂V
∂U =

∂W
∂Y , (15.3)

where W is the local velocity at which the material is moving, equal to the time derivative of the dis-
placement. So, the strain rate is equal to the velocity gradient, which is proportional to the stress in a
viscous fluid.

15.1 Storage and loss moduli

Imagine the following thought experiment. Amaterial (either a cell, or something like a reconstituted
actin network) is subjected to a periodic stress with frequency ȗ and amplitude ȑ�.

ȑ (U) = ȑ� TJO ȗU, (15.4)

After some time, the strain will also be periodic, with amplitude ȃ� and frequency ȗ . However, it
will not necessarily be in phase with the stress, so we define a phase shift Ȃ .

ȃ (U) = ȃ̄ + ȃ� TJO(ȗU − Ȃ ), (15.5)

where ȃ̄ is the baseline strain from the oscillation. If Ȃ = �, then ȑ ∝ ȃ , so the material behaves
like an elastic solid.14 If Ȃ = Ȏ/�, then

ȃ (U) = ȃ̄ + ȃ� TJO(ȗU − Ȃ ) = ȃ̄ + ȃ� DPT ȗU. (15.6)

In this case, then ȑ (U) ∝ ȃ̇ (U), so thematerial behaves like a viscous solid. For phase shifts in between,
thematerial behaves both like a solid (strain in phase with the stress) and like a viscous fluid (strain out
of phase with the stress). We can define parameters to describe the solid-like and fluid-like responses

14I am being loose with the ∝ symbol here. There is an additive constant, ȃ̄ , but that constant is
zero for purely elastic responses, as we will see later in the response for a Maxwell material.
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of a material to stress. These parameters are respectively the storage and loss moduli. They are
defined in terms of the amplitudes of the stress and strain amplitudes and the phase shift Ȃ . The are

storage modulus = &′ =
ȑ�
ȃ�

DPT Ȃ (15.7)

loss modulus = &′′ =
ȑ�
ȃ�

TJO Ȃ . (15.8)

Note that the storage and loss moduli are sometimes denoted respectively as (′ and (′′. They are in
general both frequency dependent. They can bemeasured empirically. Typically the stress is imposed
(so ȑ� is known), and the strain is measured. The storage modulus is a measure of the solid-like
response and the lossmodulus is ameasure of the viscous-like response. They are sometimes referred
to as elastic and viscous moduli for that reason. Note that these moduli are not the Young’s modulus
and viscosity of the material. They are defined by equations (15.7) and (15.8). How they relate to
other parameters is dependent on how we choose to model the material, which is the subject of the
next lecture.

15.2 Doing the “thought” experiment with reconstituted actin

The thought experiment of applying a periodic stress to a material is possible via several means. The
amplitude and phase of the strain response is measured, enabling determination of the storage and
loss module to characterize the material.

Chaudhuri and coworkers did a clever experiment in which they grew an actin network on the
tip of an atomic force microscope. The network grew to a surface, and then they could move the
surface up and down at set frequencies and measure the strain by observing the deflection of the
AFM cantilever. (See Fig. 20).

at 5 Hz, is similar to the elastic modulus measured on various cell
types19–22 and in a previous reconstitution of actin-based motility23.
Dendritic actin network elasticity is significantly higher than the
elasticity of actin networks reconstituted in solution containing the
Arp2/3 complex (,1 Pa), though differences in concentration and
components could account for this disparity24,25. The average elasti-
city of the actin networks studied here was found to be independent
of prestressing by myosin II motors (see Supplementary Information
D).

To understand further the mechanical properties of growing dend-
ritic actin networks, we probed the stress dependence of the elastic
modulus5,7 (see Methods). A typical experiment is shown in Fig. 3a
(black trace) where stress was increased on the network incremen-
tally, and the elasticity at each value of applied stress was measured.
For stresses up to ,15 Pa the elasticity remained constant, indicating
a linear elastic regime. Then the elasticity increased with stress in a
stress-stiffening regime, as has been seen previously4–6, for stresses up
to a critical stress, sc < 270 Pa. Above the critical stress, we found that
the elasticity of the network gradually decreased with stress in a
stress-softening regime.

Stress softening has been previously explained by network rupture
or crosslinker rearrangement. In rigidly crosslinked actin networks,
stress softening has been attributed to the fracture of extended fila-
ments or crosslinking/branch points at sc, after which elasticity dras-
tically decreased4–6. Alternatively, softening was proposed to occur as
a result of the unbinding of flexible crosslinkers above sc, which
either remain unbound or re-bind to form crosslinks at different
positions7. For either of these explanations, stress softening would
reflect permanent alterations in the network that would lead to irre-
versibility in the elasticity of the network. That is, higher elasticities
could not be recovered by reducing network loading from stresses
above sc (refs 4–7). However, in dendritic actin networks, the stress-

softening behaviour was reversible: the elasticity measured as the
stress was reduced to sc matched the elasticity seen for increasing
stress (Fig. 3a, red trace). This was seen in all experiments (Fig. 3b), so
stress softening in the dendritic actin network must arise from a
reversible mechanism.

A plausible explanation for reversible stress softening is through
elastic buckling of individual filaments under compression. A popu-
lation of filaments in the dendritic network, based on their length and
orientation, will begin to buckle at a threshold stress. Upon buckling,
these filaments are infinitely compliant while still supporting Fb (ref.
12). As a result, the number of load-bearing elements decreases for
higher stresses, resulting in a decrease in the effective stiffness of the
network. As the stress is increased, more filaments buckle, reducing
the elasticity of the network further. Because filaments are assembled
into an interconnected dendritic network, buckled filaments do
not collapse completely, and they can unbuckle when the force is
reduced, making the process of buckling reversible with load.
Stress softening has been predicted from simulations of athermal
crosslinked actin networks to occur as a result of filament buckling
and also in an elastic element model of the cytoskeleton26,27, although
such models do not predict stress stiffening before softening.
Interestingly, reversible elastic buckling of component elements is
observed under high compressional forces in some types of foams28.
Electron micrographs have shown the actin cytoskeleton ultrastruc-
ture to exhibit similarities with open lattice foams, so that this buck-
ling behaviour might be expected3.

Buckling of individual filaments can occur at forces consistent
with the observed stress softening, based on a simple calculation.
Using published electron micrographs of dendritic actin networks
reconstituted in vitro in a similar biochemical system, we estimate
filament lengths Lc to be 0.1–1 mm (ref. 17). We calculate an expected
buckling force Fb of 0.5–50 pN per filament using these lengths and
assuming Euler buckling, although the behaviour in a constrained
environment can lead to higher buckling forces29. In our experi-
ments, the average force per filament at sc (233 Pa, the mean value
from the inset of Fig. 3b), using an average filament spacing of 50–
100 nm (ref. 17), is calculated to be 0.45–2 pN, which lies within the
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Figure 1 | AFM-based microrheology of growing dendritic actin networks.
a, Cartoon illustrating the measurement geometry in which the surface is
driven sinusoidally (blue sinusoid and double-headed arrow), and the force
transmitted through the network (red mesh) is transduced by the cantilever
(pink sinusoid and double-headed arrow). b, Fluorescence micrograph of
the actin network, which is used to calculate the network area A. Scale bar is
10 mm. c, Graph showing surface drive and cantilever response signal as a
function of time for a 5 Hz measurement (colours are as in a). Note the
cantilever response is damped with respect to the drive signal indicating
compression of the network. This technique has the effect of applying a
sinusoidal stress on the network where hydrodynamic coupling was found to
be negligible (see Supplementary Information B). d, Stress and strain graph
calculated from measurement in c showing stress (black) and strain (red) as a
function of time (see Methods).

1 10
Frequency (Hz)

0.1

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 E

', 
E'

'

0.2

1.2

Figure 2 | Frequency dependence of elastic (filled triangles, E9) and viscous
(open triangles, E99) moduli. The traces were constructed by averaging
normalized data from 11 separate experiments and 21 different frequency
sweeps. Each measurement of the elastic and viscous moduli was normalized
by the average elastic modulus at 5 Hz taken before and after the
measurement (see Supplementary Information C). The best-fit power-law
exponent for E9(f) was determined to be x 5 0.13 (dotted line), and the
average elastic modulus at 5 Hz was 985 6 655 Pa (mean 6 s.d.), which are
consistent with previous studies on cells. In addition to the power-law
behaviour, the viscous modulus has a similar shape to those seen previously.
Error bars on both curves are normalized s.d.
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Figure 20: a) Schematic of experimental setup. b) Fluorescence image of an actin
network growing on a cantilever. Scale bar is 10 µm. Figure taken from Chaudhuri,
Parekh, and Fletcher, Nature, 445, 295–298, 2007.

A typical stress/strain temporal profile from the experiment is shown in Fig. 21. The strain lags
the stress slightly, indicating that the actin network is predominantly, though not purely, elastic.
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at 5 Hz, is similar to the elastic modulus measured on various cell
types19–22 and in a previous reconstitution of actin-based motility23.
Dendritic actin network elasticity is significantly higher than the
elasticity of actin networks reconstituted in solution containing the
Arp2/3 complex (,1 Pa), though differences in concentration and
components could account for this disparity24,25. The average elasti-
city of the actin networks studied here was found to be independent
of prestressing by myosin II motors (see Supplementary Information
D).

To understand further the mechanical properties of growing dend-
ritic actin networks, we probed the stress dependence of the elastic
modulus5,7 (see Methods). A typical experiment is shown in Fig. 3a
(black trace) where stress was increased on the network incremen-
tally, and the elasticity at each value of applied stress was measured.
For stresses up to ,15 Pa the elasticity remained constant, indicating
a linear elastic regime. Then the elasticity increased with stress in a
stress-stiffening regime, as has been seen previously4–6, for stresses up
to a critical stress, sc < 270 Pa. Above the critical stress, we found that
the elasticity of the network gradually decreased with stress in a
stress-softening regime.

Stress softening has been previously explained by network rupture
or crosslinker rearrangement. In rigidly crosslinked actin networks,
stress softening has been attributed to the fracture of extended fila-
ments or crosslinking/branch points at sc, after which elasticity dras-
tically decreased4–6. Alternatively, softening was proposed to occur as
a result of the unbinding of flexible crosslinkers above sc, which
either remain unbound or re-bind to form crosslinks at different
positions7. For either of these explanations, stress softening would
reflect permanent alterations in the network that would lead to irre-
versibility in the elasticity of the network. That is, higher elasticities
could not be recovered by reducing network loading from stresses
above sc (refs 4–7). However, in dendritic actin networks, the stress-

softening behaviour was reversible: the elasticity measured as the
stress was reduced to sc matched the elasticity seen for increasing
stress (Fig. 3a, red trace). This was seen in all experiments (Fig. 3b), so
stress softening in the dendritic actin network must arise from a
reversible mechanism.

A plausible explanation for reversible stress softening is through
elastic buckling of individual filaments under compression. A popu-
lation of filaments in the dendritic network, based on their length and
orientation, will begin to buckle at a threshold stress. Upon buckling,
these filaments are infinitely compliant while still supporting Fb (ref.
12). As a result, the number of load-bearing elements decreases for
higher stresses, resulting in a decrease in the effective stiffness of the
network. As the stress is increased, more filaments buckle, reducing
the elasticity of the network further. Because filaments are assembled
into an interconnected dendritic network, buckled filaments do
not collapse completely, and they can unbuckle when the force is
reduced, making the process of buckling reversible with load.
Stress softening has been predicted from simulations of athermal
crosslinked actin networks to occur as a result of filament buckling
and also in an elastic element model of the cytoskeleton26,27, although
such models do not predict stress stiffening before softening.
Interestingly, reversible elastic buckling of component elements is
observed under high compressional forces in some types of foams28.
Electron micrographs have shown the actin cytoskeleton ultrastruc-
ture to exhibit similarities with open lattice foams, so that this buck-
ling behaviour might be expected3.

Buckling of individual filaments can occur at forces consistent
with the observed stress softening, based on a simple calculation.
Using published electron micrographs of dendritic actin networks
reconstituted in vitro in a similar biochemical system, we estimate
filament lengths Lc to be 0.1–1 mm (ref. 17). We calculate an expected
buckling force Fb of 0.5–50 pN per filament using these lengths and
assuming Euler buckling, although the behaviour in a constrained
environment can lead to higher buckling forces29. In our experi-
ments, the average force per filament at sc (233 Pa, the mean value
from the inset of Fig. 3b), using an average filament spacing of 50–
100 nm (ref. 17), is calculated to be 0.45–2 pN, which lies within the
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Figure 1 | AFM-based microrheology of growing dendritic actin networks.
a, Cartoon illustrating the measurement geometry in which the surface is
driven sinusoidally (blue sinusoid and double-headed arrow), and the force
transmitted through the network (red mesh) is transduced by the cantilever
(pink sinusoid and double-headed arrow). b, Fluorescence micrograph of
the actin network, which is used to calculate the network area A. Scale bar is
10 mm. c, Graph showing surface drive and cantilever response signal as a
function of time for a 5 Hz measurement (colours are as in a). Note the
cantilever response is damped with respect to the drive signal indicating
compression of the network. This technique has the effect of applying a
sinusoidal stress on the network where hydrodynamic coupling was found to
be negligible (see Supplementary Information B). d, Stress and strain graph
calculated from measurement in c showing stress (black) and strain (red) as a
function of time (see Methods).
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Figure 2 | Frequency dependence of elastic (filled triangles, E9) and viscous
(open triangles, E99) moduli. The traces were constructed by averaging
normalized data from 11 separate experiments and 21 different frequency
sweeps. Each measurement of the elastic and viscous moduli was normalized
by the average elastic modulus at 5 Hz taken before and after the
measurement (see Supplementary Information C). The best-fit power-law
exponent for E9(f) was determined to be x 5 0.13 (dotted line), and the
average elastic modulus at 5 Hz was 985 6 655 Pa (mean 6 s.d.), which are
consistent with previous studies on cells. In addition to the power-law
behaviour, the viscous modulus has a similar shape to those seen previously.
Error bars on both curves are normalized s.d.
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Figure 21: A typical stress-strain profile, taken with 5 Hz forcing frequency. Figure
taken from Chaudhuri, Parekh, and Fletcher, Nature, 445, 295–298, 2007.

The frequency can be varied by adjusting the movement of the surface. For each frequency, the
storage and loss moduli can be measured. The result is shown in Fig. 22. At low frequency, the
loss modulus does not depend on frequency, but at higher frequency it grows with frequency. The
storage modulus shows power law behavior, &′ ∼ ȋB, where ȋ is the frequency and B is the power
law exponent. The maximum likelihood estimate15 puts the value of the exponent B to be about 0.13.
Many cellular materials behave in this way, and I emphasize again that the molecular details of how
this comes about are not immediately obvious nor ascertainable in this experiment. Materials are
often described by the power law behavior of the storage modulus and by plots such as these, and
they are useful for comparison.

at 5 Hz, is similar to the elastic modulus measured on various cell
types19–22 and in a previous reconstitution of actin-based motility23.
Dendritic actin network elasticity is significantly higher than the
elasticity of actin networks reconstituted in solution containing the
Arp2/3 complex (,1 Pa), though differences in concentration and
components could account for this disparity24,25. The average elasti-
city of the actin networks studied here was found to be independent
of prestressing by myosin II motors (see Supplementary Information
D).

To understand further the mechanical properties of growing dend-
ritic actin networks, we probed the stress dependence of the elastic
modulus5,7 (see Methods). A typical experiment is shown in Fig. 3a
(black trace) where stress was increased on the network incremen-
tally, and the elasticity at each value of applied stress was measured.
For stresses up to ,15 Pa the elasticity remained constant, indicating
a linear elastic regime. Then the elasticity increased with stress in a
stress-stiffening regime, as has been seen previously4–6, for stresses up
to a critical stress, sc < 270 Pa. Above the critical stress, we found that
the elasticity of the network gradually decreased with stress in a
stress-softening regime.

Stress softening has been previously explained by network rupture
or crosslinker rearrangement. In rigidly crosslinked actin networks,
stress softening has been attributed to the fracture of extended fila-
ments or crosslinking/branch points at sc, after which elasticity dras-
tically decreased4–6. Alternatively, softening was proposed to occur as
a result of the unbinding of flexible crosslinkers above sc, which
either remain unbound or re-bind to form crosslinks at different
positions7. For either of these explanations, stress softening would
reflect permanent alterations in the network that would lead to irre-
versibility in the elasticity of the network. That is, higher elasticities
could not be recovered by reducing network loading from stresses
above sc (refs 4–7). However, in dendritic actin networks, the stress-

softening behaviour was reversible: the elasticity measured as the
stress was reduced to sc matched the elasticity seen for increasing
stress (Fig. 3a, red trace). This was seen in all experiments (Fig. 3b), so
stress softening in the dendritic actin network must arise from a
reversible mechanism.

A plausible explanation for reversible stress softening is through
elastic buckling of individual filaments under compression. A popu-
lation of filaments in the dendritic network, based on their length and
orientation, will begin to buckle at a threshold stress. Upon buckling,
these filaments are infinitely compliant while still supporting Fb (ref.
12). As a result, the number of load-bearing elements decreases for
higher stresses, resulting in a decrease in the effective stiffness of the
network. As the stress is increased, more filaments buckle, reducing
the elasticity of the network further. Because filaments are assembled
into an interconnected dendritic network, buckled filaments do
not collapse completely, and they can unbuckle when the force is
reduced, making the process of buckling reversible with load.
Stress softening has been predicted from simulations of athermal
crosslinked actin networks to occur as a result of filament buckling
and also in an elastic element model of the cytoskeleton26,27, although
such models do not predict stress stiffening before softening.
Interestingly, reversible elastic buckling of component elements is
observed under high compressional forces in some types of foams28.
Electron micrographs have shown the actin cytoskeleton ultrastruc-
ture to exhibit similarities with open lattice foams, so that this buck-
ling behaviour might be expected3.

Buckling of individual filaments can occur at forces consistent
with the observed stress softening, based on a simple calculation.
Using published electron micrographs of dendritic actin networks
reconstituted in vitro in a similar biochemical system, we estimate
filament lengths Lc to be 0.1–1 mm (ref. 17). We calculate an expected
buckling force Fb of 0.5–50 pN per filament using these lengths and
assuming Euler buckling, although the behaviour in a constrained
environment can lead to higher buckling forces29. In our experi-
ments, the average force per filament at sc (233 Pa, the mean value
from the inset of Fig. 3b), using an average filament spacing of 50–
100 nm (ref. 17), is calculated to be 0.45–2 pN, which lies within the
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Figure 1 | AFM-based microrheology of growing dendritic actin networks.
a, Cartoon illustrating the measurement geometry in which the surface is
driven sinusoidally (blue sinusoid and double-headed arrow), and the force
transmitted through the network (red mesh) is transduced by the cantilever
(pink sinusoid and double-headed arrow). b, Fluorescence micrograph of
the actin network, which is used to calculate the network area A. Scale bar is
10 mm. c, Graph showing surface drive and cantilever response signal as a
function of time for a 5 Hz measurement (colours are as in a). Note the
cantilever response is damped with respect to the drive signal indicating
compression of the network. This technique has the effect of applying a
sinusoidal stress on the network where hydrodynamic coupling was found to
be negligible (see Supplementary Information B). d, Stress and strain graph
calculated from measurement in c showing stress (black) and strain (red) as a
function of time (see Methods).
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Figure 2 | Frequency dependence of elastic (filled triangles, E9) and viscous
(open triangles, E99) moduli. The traces were constructed by averaging
normalized data from 11 separate experiments and 21 different frequency
sweeps. Each measurement of the elastic and viscous moduli was normalized
by the average elastic modulus at 5 Hz taken before and after the
measurement (see Supplementary Information C). The best-fit power-law
exponent for E9(f) was determined to be x 5 0.13 (dotted line), and the
average elastic modulus at 5 Hz was 985 6 655 Pa (mean 6 s.d.), which are
consistent with previous studies on cells. In addition to the power-law
behaviour, the viscous modulus has a similar shape to those seen previously.
Error bars on both curves are normalized s.d.
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Figure 22: The storage (filled symbols) and loss (open symbols) moduli measured for
various frequencies. The values are normalized to the average storage modulus at 5
Hz, which was approximately 985 Pa. Though not clearly stated in the paper, I believe
the imposed stress magnitude was about 2 Pa. Figure taken from Chaudhuri, Parekh,
and Fletcher, Nature, 445, 295–298, 2007.

The storage modulus of the actin network is about ��� Pa, which is similar to that observed for
cell cortices, as measured by pushing a large magnetic bead against the outside of a cell. Fabry et al.
(PRL, 87, 148102, 2001) found that the cortical storage modulus is about ���-��� Pa in human airway
smooth muscle cells.

15I am not actually sure this is a maximum likelihood estimate because the statistical procedures in
the paper were not detailed enough.
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While the frequency sweep gave a picture of the power law nature of the storagemodulus, Chaud-
hury and coworkers also did a sweep of imposed stress with the frequency fixed at 5 Hz. The results
are displayed in Fig. 23. At low stress, the observed moduli of the actin network did not change. At
these low stresses, compression will tend to straighten out the wiggles in the fibers, resulting in a pri-
marily entropic response, like the entropic springs we encountered when we studied polymer pulling.
As the applied stress grows, these fluctuations are already pulled out. Filaments running orthogonally
to the surface serve as struts, while those running parallel to the surface are stretched as the material
deforms. This strong resistance to stretching results in stress stiffening; the storage modulus grows
with applied stress. This happens above about 15 Pa. However, when the stress becomes very large,
close to 230 Pa, the filaments start to buckle, which can result in stress softening. The buckled fila-
ments can no longer push effectively against the surface, and the storage modulus gets smaller with
greater stress.

lower range of predicted buckling forces. We note that the buckling
instability is smoothed entropically for a semiflexible polymer at
finite temperature, so that individual polymers will undergo stress
softening as the compressional force approaches the Euler buckling
force. The overlap in the lower range of predicted buckling forces
with the range of calculated applied force per filament at sc supports
the idea that buckling explains stress softening, because sc represents
the threshold stress at which filament buckling dominates nonlinear
elasticity. As the stress is increased, up to 3sc in our experiments,
shorter filaments buckle, and the elasticity decreases further.

Our measurements of nonlinear elasticity in dendritic actin net-
works are consistent with a model in which a combination of com-
pression, bending and extension gives rise to network mechanical
properties (Fig. 4). As stress is initially applied to the network, the
elasticity increases as a result of entropic resistance to filament and
flexible crosslinker extension normal to the direction of compression,
in addition to possible effects from nonlinear compliance of the
Arp2/3 complex (Fig. 4a, b). As stress on the network is further
increased, filaments oriented in the direction of compression begin
to buckle, reducing the elasticity of the network at higher stresses
(Fig. 4c, d). Buckling occurs only after filaments have already been

supporting a load, so the enthalpic resistance of filaments to com-
pression is likely to play a significant role in the linear and stress-
stiffening regimes.

The difference in the elasticity of dendritic networks grown from
surfaces and crosslinked networks formed in solution can be
explained in part by the actin concentration in the network. The
modulus of elasticity is expected to scale as E0 < C

5=2
A (ref. 8) for

isotropically crosslinked actin networks, where CA is the concentra-
tion of actin in the network and the crosslinks are assumed to be rigid.
The concentration of actin in dendritic networks has been estimated
to be ,1 mM (ref. 30), whereas the concentration of networks
studied in vitro was of the order of ,10 mM (refs 24, 25), suggesting
that the magnitude of elasticities for dendritic networks should be
significantly higher. Component concentration alone is sufficient to
describe network properties in flexible polymer networks (Lc ? Lp),
where Lp is much less than the distance between crosslinks, because
initial orientation and lengths of the filaments do not matter.
However, for semiflexible polymer networks, filament length can
be important when Lp is greater than the distance between cross-
links15. Additionally, the particular orientation of a filament in the
network determines whether the filament deforms by compression,
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Figure 3 | Dendritic actin networks exhibit stress stiffening and reversible
stress softening. a, In a typical nonlinear elasticity measurement, the stress
on the network is first increased incrementally (black trace) to and then
decreased incrementally from a maximum stress (red trace) of ,600 Pa, with
the elasticity measured at each stress at 5 Hz. The elasticity remains constant
for stresses up to ,15 Pa and then increases in a stress-stiffening regime. For
stresses above the critical stress sc of ,270 Pa, the elasticity decreases in a
stress-softening regime that is reversible, as indicated by the overlay of the
black and red traces. b, Averaged and normalized trace of the nonlinear
elasticity of actin networks (see Supplementary Information A). Each

individual measurement was normalized by the difference between the
elasticity before the measurement Emin and the maximum elasticity for
increasing stresses Emax and sc. The results of 28 different measurements
from 12 separate experiments were averaged together (mean 6 s.d. shown)
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Figure 4 | Stress stiffening and stress softening can arise in dendritic
networks owing to filaments resisting extension and buckling of filaments
resisting compression. a, b, When the stress on the network (s, indicated by
black arrows) is increased from s 5 0, a population of filaments or
crosslinkers is stretched (as indicated by green arrows) as the material
expands laterally, and the resistance to extension of filaments increases
owing to entropic elasticity, leading to a stress-stiffening regime. c, However,
as the stress is increased above sc, some filaments resisting compression

buckle when the compressional force (green arrows) exceeds the Euler
buckling force. Buckled filaments exhibit infinite compliance, so they no
longer contribute to the elasticity, but they do not collapse because they have
connections with the network and thus still support the buckling force. d, As
the stress is further increased, more filaments buckle and the elasticity of the
network is decreased further, leading to the stress-softening regime. In
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Figure 23: The storage modulus (averaged over many experiments) for a range of im-
posed stress magnitudes. The experiment starts with low stress and then ramps up
to the maximal imposed stress of about 600 Pa. The resulting storage modulus was
calculated through the stress sweep and is plotted in black. Then, the imposed stress
amplitudewas decreased, the storagemodulus calculated, and plotted in red. the stress
is normalized to the critical stress where stress softening starts to occur, around 230 Pa.
The inset shows a histogram of the observe critical imposed stress, ȑD. Figure taken
from Chaudhuri, Parekh, and Fletcher, Nature, 445, 295–298, 2007.

The red curve, going from high stress to low stress, does not overlap with the black curve, giving
an apparent hysteresis. This is likely due to the fact that this actin network is grown inXenopus extract
and is still dynamically changing during the course of the experiment. It can therefore experience
greater crosslinking and perhaps greater density as the experiment progresses.

Importantly, this simple experiment exposes some key features of actin networks.

• They are viscoelastic, with a strong elastic component at high frequencies.

• They exhibit strain stiffening and strain softening.

• They are dynamic.
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15.3 Microrheological studies of cytoplasmic viscoelasticity

Microrheology is a techniquewhereinmicron-sized tracer beads are injected into a possibly viscoelas-
tic material. The rheological properties of the material are ascertained by monitoring the motion of
the beads.

For example, imaginewe track the position of a beadmoving through a viscousmaterial. It should
diffuse via a random walk. From the track of the bead’s position over time we can compute a mean
square displacement, ⟨S�⟩. Since the imaging is typically done in two dimensions, the mean square
displacement is related to the diffusion coefficient as we have worked out previously in class,

⟨(S(U + Ȓ )− S(U)) · (S(U + Ȓ )− S(U))⟩ ≡ ⟨S�(Ȓ )⟩ = �%Ȓ . (15.9)

Then, if we plot the mean square displacement versus time and perform a regression, we can get a
value for the diffusion coefficient%. For a purely viscousmedium, we canwork out the viscosity from
the calculated % using the Stokes-Einstein-Sutherland relation,

% =
L#5

�Ȏ ȅB , (15.10)

where B is the radius of the bead.

Conversely, if the bead were in a purely elastic medium and we tracked it, the mean square dis-
placement is independent of time,

⟨S�⟩ = L#5
, , (15.11)

where , is a spring constant related to the Young’s modulus & of the medium by , = �Ȏ&B when
the Poisson ratio is zero.16

Toward this end, we introduce force spectrum microscopy
(FSM), an approach that probes the frequency dependence of
the aggregate, incoherent cytoplasmic forces within a cell. To
accomplish this, we combine independent measurements of
the intracellular fluctuating movement of injected particles with
measurements of the mechanics of the cytoplasm performed
with active microrheology using laser tweezers. With these
measurements, we determine the temporal spectrum of the
ensemble of the random, fluctuating forces, demonstrating that
this ubiquitous fluctuating motion in cells is not thermally
induced, but is instead a consequence of random forces. We
then exploit FSM to probe the intracellular micromechanical
behavior of malignant and benign cells, and show that cancer
cells exhibit a significantly enhanced level of forces, albeit with
the same frequency dependence, as predicted by our model.
Moreover, we show that these active forces strongly dominate
thermal Brownian forces in the cellular interior, impacting motion
of objects from nanometers to microns in scale, and providing a
fundamental mechanism for transport of objects of all scales.
Thus, FSM is a valuable new tool for characterizing the dynamic
state of a cell.

RESULTS

Random Intracellular Movement Appears Diffusive
Tomeasure the fluctuatingmotion in the cytoplasm of eukaryotic
cells, wemicroinjected submicron colloidal particles into A7mel-
anoma cells (Cunningham et al., 1992) and measured their time-
dependent motion with confocal microscopy. The particles were
rendered inert by attaching a short polyethylene-glycol (PEG)
brush layer to their surface to eliminate interactions with biopoly-
mers or proteins (Valentine et al., 2004). Moreover, because they
were microinjected, the particles were not surrounded by a lipid
membrane. Unlike smaller tracers that travel freely through the
cytoskeletal network, the injected submicron particles were
larger than the typical cytoskeletal mesh size, which is about

50 nm (Luby-Phelps, 2000; Luby-Phelps et al., 1987). Thus, their
motion reflects the fluctuations of the cytoplasm itself. To avoid
cell-boundary effects, we imaged particles that are greater than
!1 mm deep within the cell; we also imaged particles away from
both the thin lamellar region and the nucleus to avoid any inter-
actions with the mechanically distinct cell cortex and nucleus
(Extended Results). Particle centers were determined in each im-
age with an accuracy of 22 nm. We tracked their trajectories and
calculated the time- and ensemble-averaged mean-square
displacement (MSD), < Dr2(t) >, where Dr(t) = r(t+t)-r(t).
At shorter timescales (t % 0.1 s), the MSD of the probe parti-

cles was nearly constant in time; however, the fluctuations
were always at least five times larger than the noise floor. At
longer timescales (t R 0.1 s), the MSD increased approximately
linearly with time, as shown in Figure 1 and Figure S1, available
online. Particles of different size, d, exhibited a similar time
dependence, as shown in Figure 1B. Moreover, the amplitude
of the fluctuations scaled as 1/d, as shown in Figure 1C; this is
consistent with motion in the continuum viscoelastic environ-
ment of the cytoplasm (Hoffman et al., 2006). Such motion is
often interpreted as thermal Brownian motion (Baker et al.,
2010; del Alamo et al., 2008; Gupton et al., 2005; Hale et al.,
2009; Wu et al., 2012; Yamada et al., 2000). However, a MSD
that increases linearly with time is only consistent with Brownian
motion in a purely viscous liquid and at thermal equilibrium,
neither of which applies to the cytoplasm (Brangwynne et al.,
2008a; Bursac et al., 2005; Hoffman et al., 2006; MacKintosh,
2012; Wilhelm, 2008). As the cytoplasm is neither a pure viscous
liquid or at thermal equilibrium, we concluded that the observed
cytoplasmic fluctuations must derive from some other sources
other than thermal-based diffusion.

Cytoplasmic Diffusive-like Movement Results from
Active Processes
To clarify the active character of the cytoplasmic fluctuating
motion, we examined the effect of inhibiting myosin II activity
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Figure 1. Movements of Microinjected
Tracer Particles in Living Cells
(A) Bright-field image of anA7 cellwithmicroinjected

200-nm-diameter fluorescence particles (green) and

2min trajectories (black) superimposedontop.PEG-

coated particles are microinjected into cells grown

on collagen-I-coated, glass-bottom dishes. Particle

trajectories in the cytoplasm look very similar to

thermal Brownian motion. Scale bar, 5 mm.

(B) Two-dimensional ensemble-averaged mean-

square displacement (MSD) < Dr2(t) > of PEG-

coated tracer particles of various sizes are plotted

against lag time on a log-log scale, in living A7

cells. Red, green, and blue symbols and lines

represent particles that are 100, 200, and 500 nm

in diameter, respectively. Dashed lines indicate a

logarithmic slope of 1. Measurements are done

with more than 200 tracer particles in about 25

individual cells for each particle size.

(C) Ensemble-averaged MSD scaled with particle

diameter, in untreated (solid symbols), blebbistatin

treated (open symbols), and ATP-depleted (solid

lines) A7 cells.

See also Figure S1 and Movie S1.
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Figure 24: Mean squared displacement of passively tracked beads injected into A7
melanoma cells. Figure taken from Guo, et al., Cell, 158, 822–832, 2014.

So, if we inject beads into a viscoelastic medium, we might expect elastic-like behavior on short
time scales and viscous-like behavior on long time scales. We would then get ⟨S�(Ȓ )⟩ ≈ constant for
small Ȓ . For large Ȓ , we expect ⟨S�(Ȓ )⟩ ∼ Ȓ . This kind of experiment has been done many times.
Shown in Fig. 24 are results of injecting passive beads of different diameter into A7 melanoma cells.
At short times, the mean square displacement curve is flat, transitioning to a slope of unity at time

16This result comes from a generalization of the Stokes relation that we will not go through here.
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scales beyond one second. The gap between the curves is commensuratewith the diffusion coefficient
varying like E−�, where E is the diameter of the bead. We can read the diffusion coefficients from the
plot, with % ≈ �.� × ��−� µm�/s for the 500 nm beads. Using the Stokes-Einstein Sutherland
relation, this gives a viscosity of ȅ ≈ �.� Pa-s, about two and a half orders of magnitudemore viscous
than water. This is a value typically reported for cytoplasmic viscosity. But please read the next section!

15.3.1 The cytoplasm is neither viscous nor passive

This interpretation of the experiment is wrong! At least it is wrong for the cytoplasm of these
cells, which have active forces in them due to motor protein activity, polymerization, etc. Guo and
coworkers performed the same experiment in the same cell types treated with blebbistatin, which
inhibits myosin activity. As shown in Fig. 25, the mean square displacement curves shift rightward,
showing inhibited motion. Inhibiting myosin may change the structure of the cytoplasm by changing
the crosslinking of filaments, so we may expect to see a shift in the dynamics. Guo and coworkers
went step further and depleted ATP using sodium azide and 2-deoxyglucose. The result is the solid
lines in Fig. 25. The beads barely move at all in the absence of ATP. Together, these results imply the
active forces, driven by energy consuming processes in the cell are moving the beads. The movement
of the beads is not by thermal diffusion, so the Stokes-Einstein-Sutherland relation is cannot be validly
applied to this experiment.
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(B) Two-dimensional ensemble-averaged mean-

square displacement (MSD) < Dr2(t) > of PEG-

coated tracer particles of various sizes are plotted

against lag time on a log-log scale, in living A7
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(C) Ensemble-averaged MSD scaled with particle
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treated (open symbols), and ATP-depleted (solid

lines) A7 cells.

See also Figure S1 and Movie S1.
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Toward this end, we introduce force spectrum microscopy
(FSM), an approach that probes the frequency dependence of
the aggregate, incoherent cytoplasmic forces within a cell. To
accomplish this, we combine independent measurements of
the intracellular fluctuating movement of injected particles with
measurements of the mechanics of the cytoplasm performed
with active microrheology using laser tweezers. With these
measurements, we determine the temporal spectrum of the
ensemble of the random, fluctuating forces, demonstrating that
this ubiquitous fluctuating motion in cells is not thermally
induced, but is instead a consequence of random forces. We
then exploit FSM to probe the intracellular micromechanical
behavior of malignant and benign cells, and show that cancer
cells exhibit a significantly enhanced level of forces, albeit with
the same frequency dependence, as predicted by our model.
Moreover, we show that these active forces strongly dominate
thermal Brownian forces in the cellular interior, impacting motion
of objects from nanometers to microns in scale, and providing a
fundamental mechanism for transport of objects of all scales.
Thus, FSM is a valuable new tool for characterizing the dynamic
state of a cell.

RESULTS

Random Intracellular Movement Appears Diffusive
Tomeasure the fluctuatingmotion in the cytoplasm of eukaryotic
cells, wemicroinjected submicron colloidal particles into A7mel-
anoma cells (Cunningham et al., 1992) and measured their time-
dependent motion with confocal microscopy. The particles were
rendered inert by attaching a short polyethylene-glycol (PEG)
brush layer to their surface to eliminate interactions with biopoly-
mers or proteins (Valentine et al., 2004). Moreover, because they
were microinjected, the particles were not surrounded by a lipid
membrane. Unlike smaller tracers that travel freely through the
cytoskeletal network, the injected submicron particles were
larger than the typical cytoskeletal mesh size, which is about

50 nm (Luby-Phelps, 2000; Luby-Phelps et al., 1987). Thus, their
motion reflects the fluctuations of the cytoplasm itself. To avoid
cell-boundary effects, we imaged particles that are greater than
!1 mm deep within the cell; we also imaged particles away from
both the thin lamellar region and the nucleus to avoid any inter-
actions with the mechanically distinct cell cortex and nucleus
(Extended Results). Particle centers were determined in each im-
age with an accuracy of 22 nm. We tracked their trajectories and
calculated the time- and ensemble-averaged mean-square
displacement (MSD), < Dr2(t) >, where Dr(t) = r(t+t)-r(t).
At shorter timescales (t % 0.1 s), the MSD of the probe parti-

cles was nearly constant in time; however, the fluctuations
were always at least five times larger than the noise floor. At
longer timescales (t R 0.1 s), the MSD increased approximately
linearly with time, as shown in Figure 1 and Figure S1, available
online. Particles of different size, d, exhibited a similar time
dependence, as shown in Figure 1B. Moreover, the amplitude
of the fluctuations scaled as 1/d, as shown in Figure 1C; this is
consistent with motion in the continuum viscoelastic environ-
ment of the cytoplasm (Hoffman et al., 2006). Such motion is
often interpreted as thermal Brownian motion (Baker et al.,
2010; del Alamo et al., 2008; Gupton et al., 2005; Hale et al.,
2009; Wu et al., 2012; Yamada et al., 2000). However, a MSD
that increases linearly with time is only consistent with Brownian
motion in a purely viscous liquid and at thermal equilibrium,
neither of which applies to the cytoplasm (Brangwynne et al.,
2008a; Bursac et al., 2005; Hoffman et al., 2006; MacKintosh,
2012; Wilhelm, 2008). As the cytoplasm is neither a pure viscous
liquid or at thermal equilibrium, we concluded that the observed
cytoplasmic fluctuations must derive from some other sources
other than thermal-based diffusion.

Cytoplasmic Diffusive-like Movement Results from
Active Processes
To clarify the active character of the cytoplasmic fluctuating
motion, we examined the effect of inhibiting myosin II activity
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Figure 25: Mean squared displacement of passively tracked beads injected into A7
melanoma cells, including cells treated with blebbistatin (open symbols) and with ATP
depleting agents sodium axide and 2-deoxyglucose (solid lines). Red, green, and blue
symbols respectively are for beads of 100, 200, and 500 nm in diameter. The mean
squared displacement if multiplied by the diameters to collapse the curves. Figure
taken from Guo, et al., Cell, 158, 822–832, 2014.

15.3.2 Active microrheology

In the experiments we have just describe, the tracer beads are allowed to passively move around the
cytoplasm. By “passive,” Imean that the experimenter is not exerting a force on the bead. The beads,
as we have just argued, are being actively moved around by nonequilibrium processes in the cell, but
the technique is called passive microrheology when the experimenter does not move the bead.
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in cells. Myosin II is a nonprocessive motor protein that binds to
actin filaments and undergoes a power stroke upon ATP hydro-
lysis (Howard, 2001). We treated cells with 10 mM blebbistatin,
which inhibits myosin II motor activity. After inhibition, we
observed a marked decrease in the MSD of injected particles
in the diffusive-like regime (tR 0.1 s), while the shorter timescale
movement remained essentially unchanged. When we inhibited
general motor and polymerization activity by depleting cells of
ATP using 2 mM sodium azide and 10 mM 2-deoxyglucose,
theMSD became nearly time independent over our experimental
timescales (Figure 1C; Figure S1A; Movie S1). Thus, the motion
of the particles is driven by active, ATP-dependent processes.
Such active behavior is not limited to the cytoplasm or to eukary-
otic cells; ATP-dependent random fluctuating motion has
also been observed in prokaryotic cells and yeast (Parry et al.,
2014; Weber et al., 2012).

To account for this active behavior, we adapted recent theo-
retical work suggesting that diffusive motion in the cytoskeleton
can arise from random motor activity (Lau et al., 2003; MacKin-
tosh and Levine, 2008): In a filamentous actin network, acto-
myosin contractile forces exerted by myosin II motors can drive
fluctuating deformations. These myosin motors do not act indi-
vidually but form aggregates, or minifilaments, which bind
to the actin network and act as ‘‘disordered muscle fibers,’’
applying random contractile forces in the network (Koenderink
et al., 2009). These forces can result in random fluctuations of
the network, similar to that observed in reconstituted networks
(Brangwynne et al., 2008b; Mizuno et al., 2009; Mizuno et al.,
2007). However, the theoretical framework of actively driven
fluctuations requires a network to be nearly elastic, rather than
viscous, to account for the diffusive-like motion observed for t
R 0.1 s. Thus, a direct measure of the intracellular mechanics
is essential to ascertain whether the observed particle motion
is due to thermal or active effects (MacKintosh, 2012).

The Cytoplasm Is a Weak Elastic Solid
To directly measure the micromechanical properties of the cyto-
plasm, we performed active microrheology measurements using
optical tweezers to impose a sinusoidal oscillation as a function

of frequency, y, on a 500-nm-diameter probe particle within a
cell. The trap stiffness was 0.05 pN/nm as determined using
the equipartition theorem to describe Brownian motion of a
bead trapped in water (Veigel et al., 1998). By measuring the
resultant displacement of the bead, x(y), subjected to an applied
sinusoidal trap oscillation with a force F at frequency y, we ex-
tracted the effective spring constant, K(y) = F(y)/x(y), for the intra-
cellular environment (Guo et al., 2013; Mizuno et al., 2007). The
complex shear modulus G = G’+iG’’ is related to the spring con-
stant through a generalization of the Stokes relation K = 3pGd.
Thus, we can determine the full frequency-dependent modulus
of the cytoplasm.
Our active measurements yielded a resultant displacement

that was almost in phase with the applied force; therefore, the
micromechanical response of A7 cells was predominantly elastic
rather than viscous (Figure 2). Consistent with this, themeasured
elastic modulusG’was significantly larger than the loss modulus
G’’ over the frequency range from 0.3 to 70 Hz (Figure S2). The
elastic modulus follows a power-law form, jG(y)j!yb, with b
z0.15, in agreement with other measurements (Fabry et al.,
2001; Guo et al., 2013). We also noted that the measured cyto-
plasmic modulus is approximately 1 Pa (Figure S2), much lower
than that measured on the actin cortex (Fabry et al., 2001); pre-
sumably this reflects the denser crosslinked actin structure in the
cell cortex, whereas the beads probe the cytoplasm which is
much more dilute and hence lower in elasticity. Thus, our twee-
zers measurements confirmed that the cytoplasm is an elastic
solid across the measured timescales.

Model of Diffusive-like Motion in a Nearly
Elastic Medium
The motion of tracer particles directly reflects the fluctuations
driven by random motor activity throughout the cell. This pro-
vides a basis for an assay that characterizes the average effect
of all motor forces; this cannot be done with any other existing
technique. To develop this assay, a quantitative description of
the random fluctuating motion is required. To do this, we adop-
ted the fundamental force-displacement relationship of any me-
dium, Hooke’s law, f = Kx, where f and x are the driving force and
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Figure 2. Optical-Tweezer Active Micro-
rheology Measurement Shows that the
Cytoplasm Is a Weak Elastic Gel
(A) Schematic showing the experimental setup

used to measure the intracellular mechanics.

(B) Typical displacements of the trapped bead and

the optical trap oscillating at 1 Hz.

(C) Effective spring constant K0 of the intracellular

environment measured directly with active micro-

rheology using optical tweezers shows that the

intracellular elastic stiffness (solid symbols) domi-

natesover thedissipative resistance (opensymbols).

Blue circles, gray squares, and light gray triangles

represent untreated, 10 mM blebbistatin-treated,

and ATP-depleted A7, respectively. Both the

blebbistatin treatment and ATP depletion reduce

the cytoplasmic stiffness by about 2-fold. Error

bars represent standard deviation (n = 15). The

corresponding shear moduli of the cytoplasm are

shown in Figure S2. See also Figures S2 and S3A.
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Figure 26: A) Schematic for a cytoplasmic active microrheology experiment using
an optical trap and tracer particles. B) Trap and bead displacement from oscillatory
forcing of the bead at 1 Hz frequency. Figure taken from Guo, et al., Cell, 158, 822–
832, 2014.

An alternative approach is tomechanicallymove the tracer particleswithin the cell. Optical traps,
schematically shown in Fig. 26A, provide a great way to do this. The trap can be calibrated so that
the force, and therefore stress, exerted can be deduced from the trap displacement and bead position.
The bead position can also be used to infer the displacement of the surrounding cytoplasm, giving the
stress-strain relationship. We can then infer the storage and loss modulus from these measurements.
From the plot in Fig. 26B, we see that the bead position moves closely with the trap, implying that
the cytoplasm is predominantly elastic. The result for A7 cells under various treatment conditions
is shown in Fig. 27. The elastic modulus is dominant, and shows a power law with &′ ∼ ȋ �.��,
in agreement with the results found with reconstituted actin networks we discussed earlier in this
lecture.
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Figure S2. Mechanical Properties of the Cytoplasm Measured by Optical-Tweezer Acitve Microrheology in A7 Cells, Related to Figure 2
The frequency-dependent elastic and viscousmoduli are extracted via the Stokes relationK = 3pGd, if a homogenerous intracellular material is assumed, whereK

is directly calculated by measuring the resultant displacement x of the bead in the trap oscillation, as f/x, as plotted in Figure 2. The cytoplasm shows pre-

dominantly elastic behavior (G’ > G’’) for the untreated cells (blue circles), blebbistatin treated cells (gray squares), and ATP depleted cells (light gray triangles).

Blebbistatin treatment and ATP depletion reduces both the cytoplasmic G’ and G’’ about 50 percent, as compared to the untreated cells.
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Figure 27: Frequency-dependent storage ((′) and loss ((′′) moduli in A7 cells under
various treatments. Figure taken from Guo, et al., Cell, 158, 822–832, 2014.

Note that the storage modulus of the cytoplasm in these cells is of order 1 Pa, in contrast to a
storage modulus of about 1000 Pa for the actin network. The cortex is much more dense with actin
than the cytoplasm, but the cytoplasm nonetheless can behave like an elastic gel, albeit a must less
stiff one.

viscoelasticity aremeasured, the spectrum of the average fluctu-
ating force due to these motors, which drives this motion, can be
directly determined, through < f2(y) > = jK(y)j2 < x2(y) >. This pro-
vides a new tool for characterizing the frequency-dependent
spectrum of the average force, which is due to the aggregate,
yet random effects of all active processes in the cell. While these
forces are inherently time-dependent, it is more convenient to
describe their frequency-dependent spectrum. We call this
new assay Force Spectrum Microscopy (FSM), as summarized
schematically in Figure 3B.

To demonstrate the applicability of FSM, we quantified the
average aggregate cytoplasmic forces due to active processes
in A7 cells. The resultant force spectrum exhibited two distinct
frequency regimes, as shown by the red data in Figure 4A: In
the low-frequency range, corresponding to timescales t R
0.1 s, < f2(y) > is proportional to y!2; by contrast, in the high-fre-
quency range, corresponding to t% 0.1 s, < f2(y) > has a weaker
frequency dependency. These observations are consistent with
a low-frequency regime dominated by active forces and a high-
frequency regime dominated by thermal forces (Brangwynne
et al., 2008a; Lau et al., 2003;MacKintosh and Levine, 2008;Miz-
uno et al., 2007). Moreover, based on our model, we estimate
that a density of myosin filaments of "1/mm3, each generating
a force of order 10 pN, can account for the observed force spec-
trum (see details in Extended Results). This is the first experi-
mental assessment of this important global measurement of
the overall enzymatic activity in the cell.

To further establish the applicability of FSM in quantifying
active forces in the cell, we suppressed the level of actin-based
cytoskeletal forces by inhibiting myosin II motors through the
addition of 10 mM blebbistatin to the cell culture medium. As a
result, the low-frequency, active component of the force spec-
trum was suppressed, although the same overall y-2 dependence
remained, as shown by the blue data in Figure 4A. Furthermore,
when we depleted cells of ATP through addition of 2 mM sodium
azide and 10mM2-deoxyglucose, we observed a force spectrum

that is consistent with purely thermal fluctuations over the full fre-
quency range for the viscoelasticy medium measured directly for
these cells, as shown by the black data in Figure 4A. This sug-
gested that, while actomyosin contractions are a significant
source of intracellular forces, other enzymatic activities also
contribute to the forces and hence the motion experienced by
intracellular objects. Moreover, above 10 Hz, the force spectra
measured in all cases had the same time dependence and nearly
the same amplitudes, consistent with a common thermal origin
of the motion in this regime (Figure 4A). These results demon-
strate the ability of FSM to quantify the degree of motor activity
in a cell and to distinguish these active forces from thermal forces.
To further explore the utility and sensitivity of FSM, we

increased the cytoplasmic stiffness by applying osmotic stress
to compress cells (Zhou et al., 2009). We observe a marked
reduction in the amplitude of particle fluctuations, although the
frequency dependence remains unchanged, reflecting the con-
sequences of the increased cytoplasmic stiffness (Figure S3).
Surprisingly, however, when the force spectrum was calculated,
we found that the amplitude of intracellular forces did not
change, at least within the range of osmotic pressures applied
(see details in Extended Results).

FSM Reveals Differences in the Intracellular Forces
within Benign and Malignant Cells
Since FSMprobes the consequences of the aggregate forces due
to active processes in the cell, it can be used to directly quantify
changes in intracellular activity and the dynamic state of the
cytoplasm in response to changes in conditions such as drug
treatment, external stimuli, or even the disease state of a cell.
To illustrate this, we compared the force spectrum of malignant
and benign cells. Malignant cells exhibit reduced cell stiffness
(Cross et al., 2007; Plodinec et al., 2013) and increased traction
forces (Kraning-Rush et al., 2012), which may provide potential
biophysical markers for metastatic progression. Using FSM, we
compared the force spectrum in benign (MCF-10A) to that in
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Figure 4. Ensemble Aggregate Intracellular
Force Spectrum Probed by FSM
(A) Cytoplasmic force spectrum calculated from

spontaneous fluctuations of tracer particles and

the active microrheology measurement, through

< f2(y) > = jK(y)j2 < x2(y) >, inside control untreated

(red), myosin II inhibited (blue) and ATP-depleted

(black) A7 cells. For comparison, theoretical pre-

dictionsareshownforanelasticmediumwithashear

modulus as shown in Figure S2, with three levels of

activities; the red solid line corresponds to about

1/mm3 density of myosin II filaments applying a force

"10 pN, the blue solid line corresponds to a 90%

reduction of myosin motor activity by 10 mM bleb-

bistatin (Kovács et al., 2004), and the black solid line

corresponds to no active motors. The yellow dash

dotted line represents the theoretical prediction

of only active contributions and excludes thermal effects. Dashed lines indicate logarithmic slopes of!0.85 and !2. Vertical bars represent standard error (n = 15).

(B) Comparison of force spectra probed by FSM in untreated A7 cells, using the spontaneous fluctuations of injected tracer particles (red dotted line, same as

that in Figure 4A), endogenous vesicles and protein complexes (black circle), and mitochondria (blue triangle). The spring constant is measured by active

microrheology with probe particles, as shown in Figure 2. The force spectrum measured with vesicles and protein complexes is in excellent accord with that

measured for probe particles. The force spectrum for mitochondria exhibits the same frequency dependence as that for probe particles, but is larger in

amplitude; this is consistent with mitochondria are also occasionally directly transported by specific motors within the cell.
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Figure 28: Frequency-dependent mean square forces for in A7 cells under various
treatments. Figure taken from Guo, et al., Cell, 158, 822–832, 2014.

The active microrehology enables determination of the elastic properties of the cytoplasm, from
which forces present on passive beads may be inferred. The forces are directional and stochastic, and
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on average cancel out (at least for an isotropic cytoplasm). We therefore need to compute the mean
square force. Specifically, ⟨('(ȋ ))�⟩ = |,(ȋ )|�⟨S�(ȋ )⟩, where ȋ is the frequency of forcing. Since
we can know the spring constant , from the active microrheological experiments (, = �Ȏ&′E), we
can track passive beads to infer forces. The result is show in Fig. 28. For small frequency, we get a
mean square force that scales like ȋ−�, consistent with movement of the bead due to active forces
within the cytoplasm. For high frequencies, that is at faster time scales than active forces can be
exerted, the force has weaker dependence on frequency, indicative of thermal fluctuations rattling a
bead in an elastic cage.

77


