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Scale dependence of the mechanics of active gels
with increasing motor concentration†

Adar Sonn-Segev,a Anne Bernheim-Groswasserb and Yael Roichman *a

Actin is a protein that plays an essential role in maintaining the mechanical integrity of cells. In response

to strong external stresses, it can assemble into large bundles, but it grows into a fine branched network

to induce cell motion. In some cases, the self-organization of actin fibers and networks involves the

action of bipolar filaments of the molecular motor myosin. Such self-organization processes mediated

by large myosin bipolar filaments have been studied extensively in vitro. Here we create active gels,

composed of single actin filaments and small myosin bipolar filaments. The active steady state in these

gels persists long enough to enable the characterization of their mechanical properties using one and

two point microrheology. We study the effect of myosin concentration on the mechanical properties of

this model system for active matter, for two different motor assembly sizes. In contrast to previous

studies of networks with large motor assemblies, we find that the fluctuations of tracer particles

embedded in the network decrease in amplitude as motor concentration increases. Nonetheless, we

show that myosin motors stiffen the actin networks, in accordance with bulk rheology measurements

of networks containing larger motor assemblies. This implies that such stiffening is of universal nature

and may be relevant to a wider range of cytoskeleton-based structures.

1 Introduction

Active gels inspired from the cell’s skeleton are a paradigmatic
model used to understand the complex mechanisms governing
key cellular processes such as motion. These active gels are also
attractive as model systems to study active matter and non-
equilibrium statistical mechanics. Well studied examples of
such materials are networks constructed from the structural
protein actin and its associated molecular motors myosin II.1–12

Both actin and myosin II are key components in cell motility and
muscle contraction. Myosin motor domains (heads) generate
active motion by hydrolysis of chemical fuel in the form of
adenosine triphosphate (ATP). The hydrolysis process promotes
a configurational change in the myosin, which results in stepwise
walking along the actin filament. One important and unique
feature of myosin II is its ability to form multimeric bipolar
structures containing between tens and hundreds of myosin
molecules.11,13,14 The number of myosin heads within such a
bipolar filament can be tuned by the salt concentration in the
self-organization buffer.11,13,14 This structure allows the myosin
bipolar filaments to connect multiple actin filaments simultaneously

and move them relative to each other.15,16 In an entangled actin
network this motion generates flow,6–8 whereas in a crosslinked
network it generates internal contractile forces.1,5,7,9–12,17 Even
without myosin, the mechanical properties of actin networks
depend on details such as their filament length18 and cross-
linking density.19 For example, the type of crosslinker determines
the structural organization of the actin into a mesh of single or
bundled actin filaments,20 and in turn affects the gel’s mechanical
properties.21,22 The ability of these proteins to self-organize into
structures of different characteristic scales is of fundamental
importance to their various functions, hence their remarkably
diverse dynamical behaviors including reorganization,9,11,23 struc-
tural evolution,9,11 global compression,5,10,11,24 and rupture.11,25

In order to observe the rich dynamics of active actomyosin
networks directly, commonly studied networks involve large
motor assemblies (hundreds of myosin heads per aggregate)
and actin bundles which can be observed in fluorescent
microscopy.11,25–27 While enabling direct characterization of
the networks’ dynamics, these structures resemble only a subset
of cytoskeleton networks found in living cells. It should be noted
that the kinetic properties and filament size of muscle myosin II,
used in these studies, are different from the nonmuscle myosin
II found in cells.28,29 Nonetheless, these studies provided crucial
insight into the underlying physical processes governing such
active matter systems. For example, it was shown that large
myosin bipolar filaments can exert significant forces on the actin
network causing their structure to evolve rapidly.1,5,9,11 Due to

a Raymond & Beverly Sackler School of Chemistry, Tel Aviv University,

Tel Aviv 6997801, Israel. E-mail: roichman@tau.ac.il
b Department of Chemical Engineering, Ilse Kats Institute for Nanoscale Science and

Technology, Ben Gurion University of the Negev, Beer-Sheva 84105, Israel

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c7sm01391d

Received 13th July 2017,
Accepted 17th September 2017

DOI: 10.1039/c7sm01391d

rsc.li/soft-matter-journal

Soft Matter

PAPER

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 B
en

 G
ur

io
n 

U
ni

ve
rs

ity
 o

f 
N

eg
ev

 o
n 

29
/1

1/
20

17
 0

8:
23

:1
9.

 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-1927-4506
http://crossmark.crossref.org/dialog/?doi=10.1039/c7sm01391d&domain=pdf&date_stamp=2017-09-26
http://rsc.li/soft-matter-journal
http://dx.doi.org/10.1039/c7sm01391d
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM013040


This journal is©The Royal Society of Chemistry 2017 Soft Matter, 2017, 13, 7352--7359 | 7353

the continuous evolution of these gels, which ends with catastrophic
collapse or rupture, the investigation of their motor-induced
mechanical properties is challenging. One reason for the
catastrophic end of such gels, in vitro, may be the absence of
a stress release mechanism, such as the continuous process of
polymerization and depolymerization of actin in cells, i.e. actin
turnover.30 Previous studies of networks with large myosin
filaments concentrated, therefore, on transient properties.31

Only a few experiments were performed under steady state
conditions concentrating on the fluctuation–dissipation relation
breakdown due to active fluctuations at a given motor concen-
tration and low ATP concentrations.2,32 Here, we present a
systematic study of long-lived active gels containing different
motor concentrations. This is achieved by creating gels with fine
structural features, i.e., single actin filaments locally crosslinked
by biotin–neutravidin bonds (but without bundling agents) and
small motor protein aggregates of E20–30 dimers (Fig. 1). These
conditions allow us to characterize the effect of motor protein
concentration on the mechanical properties of the gels. We
characterize their structural and mechanical properties using
microrheology of tracer particles, and find that the mechanical
effect of our small myosin bipolar filaments on an actin network
is similar to the effect of large bipolar filaments which
were reported previously, namely, the motors induce network
stiffening. However, the network fluctuations in our gels decrease
with motor concentration in contrast to their increase in networks
containing large myosin bipolar filaments.26,31

1.1 Experimental

Active actin–myosin networks were reconstituted in vitro
by polymerizing G-actin in the presence of biotin–neutravidin
crosslinkers and myosin II bipolar filaments. G-actin was purified

from rabbit skeletal muscle acetone powder,33 with a gel
filtration step, stored on ice in G-buffer (5 mM Tris HCl,
0.1 mM CaCl2, 0.2 mM ATP, 1 mM DTT, 0.01% NaN3, pH 7.8)
and used within two weeks. Purification of rabbit skeletal muscle
myosin II was carried out according to standard protocols.34 Full
length His-tag (N-terminal) mouse a1b2 capping protein (kind
gift of Pekka Lappalainen) was expressed and purified from
BL21(DE3) Escherichia coli. Briefly, the E. coli cells were sonicated
and centrifuged. The clarified supernatant was run through a
nickel affinity column followed by anion exchange and gel
filtration. The concentration of the G-actin, myosin II, and cap-
ping protein was determined by absorbance measurement using a
UV/Visible spectrophotometer (Ultraspec 2100 pro, Pharmacia) in
a cuvette with a 1 cm path length and the extinction coefficients:
G-actin – e290 = 26 460 M�1 cm�1,35 two-headed myosin II – e280 =
268 800 M�1 cm�1, and capping protein e280 = 41 430 M�1 cm�1

(calculated). Myosin II dimers (stock concentration of 20 mM)
were stored at �80 1C in high salt buffer (0.5 KCl, 35% sucrose)
that preserves them in a dimeric form. Biotinylated actin
(Cytoskeleton, Inc.) and neutravidin (Invirogen, used as a
crosslinker) were mixed in G-buffer with unlabeled actin and
left over ice for at least one hour. The mixing ratios were
unlabeled : biotinylated : neutravidin = 5000 : 5 : 2 giving a total
actin concentration of 24 mM. The average distance between
biotin/neutravidin crosslinks is estimated by lc = [actin]/370 �
[biotin] E 3 mm assuming 370 actin monomers per one micron
actin filament length. Small bipolar filaments are formed by
diluting the myosin solution (0.5 M KCl) with G-buffer to the
desired KCl concentration, 0.13 M or 0.1 M, corresponding
to motor bipolar filaments, each composed of Nmyo = 19 � 4 or
32 � 6 myosin dimers, respectively (Fig. S1, ESI† and ref. 11
and 36). KCl concentration may also affect the binding affinity
and associated kinetic constant of myosin with actin. However,
in the range of KCl concentration used here, these effects are
minor.37 Polystyrene colloids with a radius of 0.55 mm (Invitrogen,
Lot #742530) were incubated with a 10 mg ml�1 BSA solution to
prevent non-specific binding of proteins to the beads’ surface38

prior to mixing with the actin solution. We set the average filament
length to be E13 mm by addition of 5 nM capping proteins.

Active network formation was initiated by adding the actin
solution, myosin bipolar filaments in various concentrations,
capping protein, and tracer particles (109 beads per ml) to the
motility buffer (10 mM HEPES, 1 mM MgCl2, 0.1 mM MgATP,
0.5 mg ml�1 creatine kinase, 5 mM creatine phosphate, 0.2 mM
EGTA, and 0.1 or 0.13 M KCl). Creatine kinase and phosphate
were used as an ATP regenerating system. Immediately after
polymerization the sample was infused into a glass cell, 150 mm
high, and sealed with grease. The glass surfaces were coated
with methoxy-terminated polyethylene glycol (PEG) to prevent
binding of the proteins to the glass. The passivation procedure
included cleaning the glass coverslips using Piranha, sonication in
deionized water, and incubation overnight with 3-mercapto-
propylilane (Aldrich) in methanol/acetic acid solution (‘‘silane’’
solution). These coverslips were kept in the silane solution
for up to a week. On the day of the experiments, the glass
surfaces were finally passivated with methoxy-PEG–maleimide

Fig. 1 Schematic illustration of the active gels and their components.
Myosin bipolar filaments are embedded within a network of actin filaments
crosslinked by a biotin–neutravidin bond. Tracer particles are used as a
probe for the network’s mechanical properties.
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(mPEG–mal Mw = 5000 g mol�1 (Nanocs)) in phosphate buffered
saline for at least two hours at room temperature. Shortly after
cell loading, samples were fluorescently imaged at l = 605 nm
with a 40� air objective. Each sample was monitored for
approximately 160 min, in which short movies were taken every
fifteen minutes, starting from B5 min after polymerization. To
avoid wall effects, imaging was carried out at a plane distance of
at least 80 mm from the cell walls. Particle motion was recorded
using a CMOS video camera (Gazelle, Point Gray) at a frame rate
of 70 Hz and was tracked with an accuracy of at least 13 nm
using conventional video microscopy algorithms.39 Experiments
were repeated several times. Analysis of two full sets of experi-
ments are presented here, in which each data point in the steady
state is averaged over 8 measurements.

2 Results
2.1 Actin networks in active steady state

In our experimental system, the actomyosin networks are kept
mechanically stable by the addition of passive, chemical cross-
linkers (biotin–neutravidin bonds). Our purpose is to generate
active gels with a varying degree of activity maintaining steady
state dynamics for long durations in order to collect sufficient
statistics on motor activity. Towards this end, we keep the
network structural features fine, refraining from bundling the
actin filaments by the choice of a suitable crosslinker.20 We use
small bipolar filaments of motor proteins containing only tens
(Fig. S1, ESI†) of two-headed myosin molecules, and provide a
low but constant concentration of ATP (0.1 mM). In this ATP
concentration the motor bipolar filaments stay connected
to the actin filaments for statistically longer durations. The
myosin bipolar filaments act both as crosslinkers and as active,
stress inducing, elements. The pinching forces applied by these
small motor filaments have a limited range due to the relatively
small number of heads in each filament and the shortage of ATP.
This limitation ensures that, while the motors generate active
forces in the network, there is limited large-scale reorganization or
deformation of the network, thereby reaching steady state
dynamics. We use embedded tracer particles larger than the
network’s mesh size so that their motion will reflect the network’s
bulk mechanics. By design40 we work with an actin concentration
of 24 mM, resulting in an actin network with a mesh size of
E0.3 mm, the average distance between the passive chemical
crosslinks in our system is on the order of 3 mm, the tracer
particle size is 1 mm in diameter, and the average distance
between myosin bipolar filaments embedded within the net-
work ranges from 1.3 to 50 mm. A schematic illustration of our
experimental model system is shown in Fig. 1. Our experiments
consist of polymerization of the actin network in the presence
of myosin bipolar filaments and passivated colloidal tracer
particles. Already at the first measurement occurring several
minutes after the initiation of actin polymerization we find
subdiffusive motion of the tracer particles (Fig. S2, ESI†),
indicating that the transition to a gel took place. Each gel is
monitored for approximately three hours in which short movies

are taken every fifteen minutes, and Fig. S3 (ESI†) (and Movie
S1, ESI†) and Fig. S4 (ESI†) (and Movie S2, ESI†) are taken one
and two hours after mixing, respectively. We set out to char-
acterize the effect of myosin concentration and bipolar filament
size on the mechanical properties of the actomyosin networks,
i.e., the effect of activity level. To this end, we performed two
series of experiments, one with bipolar filaments containing
Nmyo = 19 � 4 myosin molecules (i.e., double headed) and the
other with bipolar filaments containing Nmyo = 32 � 6 myosin
molecules (Fig. S1, ESI†). We note that the exact number of
motor heads may change a little with motor concentration.
Myosin bipolar filament size is controlled by KCl concen-
tration, as described in the methods section. In addition, it
may also depend on myosin concentration. To verify that the
effect of myosin concentration is subdominant we prepared
networks in two ways: polymerizing actin in the presence of
myosin dimers, or with preassembled myosin bipolar filaments.
In both cases the final networks exhibited similar self-
organization dynamics and structure. We repeated this for
different KCl values and saw the same corresponding patterns.
Based on this evidence we conclude that the dominating factor
controlling bipolar filament size is the salt concentration. It
should be noted though, that we cannot exclude the possibility
that there might be some changes (decrease) in the size of the
bipolar filaments when myosin concentration is significantly
reduced. Nevertheless, the fact that the bipolar filaments are still
processive even at motor concentrations as low as 0.04 mM,
namely, they still generate tension in the network (demonstrated
below), suggests that myosin aggregation still occurs at these low
myosin concentrations. We conclude, therefore that if changes
in the size of the bipolar filaments occur, they have a relatively
minor effect on the motor ability to attach to and apply forces
on the network. The two motor bipolar filament sizes were
chosen specifically to ensure their processivity, while at the
same time allowing the networks to reach a steady state. In
each series of experiments we varied the myosin concentration
from [myosin]/[actin] = 0 to [myosin]/[actin] = 0.02 (Nmyo = 19)
and [myosin]/[actin] = 0.01 (Nmyo = 32), corresponding
to a ratio of myosin bipolar filaments to actin filaments
0 o NFmyo/NFactin o 4 and 0 o NFmyo/NFactin o 1.5, respectively
(NFactin is calculated by considering that there are 370 actin
monomers in a 1 mm actin filament). The tracer particle trajec-
tories are then extracted using conventional video microscopy
techniques.39 In Fig. 2 a typical trajectory of a tracer particle
(140 s long) in an actin gel containing no myosin motors (passive
gel), is compared to a trajectory of a bead in an active gel
([myosin]/[actin] = 0.02) of the same duration. Both trajectories
show that the tracer particle undergoes diffusive motion,
however the particle embedded in the active gel seems more
confined. This result is counter-intuitive, since we expect motor
activity to enhance the gel’s fluctuations and therefore the tracer
particles’ motion, as reported previously.3,41 However, motor
proteins are known to stiffen actin gels due to two effects: they
act as additional crosslinkers and they apply tension on the
actin filaments.2 Both processes reduce the entropy of the gel
network causing it to stiffen. Therefore, we conclude that in our
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experiments, the added active fluctuations from the motor’s
activity have less effect on the range of motion of tracer
particles than the increase in stiffness they induce. We attribute
the difference between our result and those reported previously
to the much smaller size of our myosin bipolar filaments.
Nonetheless, we do observe that some of the particles in the
active gels experience relatively large displacements that we
attribute to motor activity, e.g. the particle trajectory in the inset
of Fig. 2b. Such large displacements are expected in active
actomyosin networks (see, for example ref. 2, 3 and 31).

In order to verify that our gels arrive at an active steady state
we extract the time and ensemble mean square displacement
(MSD) of the tracer particles. We repeat this measurement every
15 min for 160 min and compare the value of the MSD at a lag time
of t = 7 s. We observe (Fig. 3a) that the value of the MSD of a tracer
particle at this lag time changed, slightly, in the first 50 min, for
most myosin concentrations, after which it maintains an approxi-
mately constant value for almost two hours. A stiffening process,
therefore, takes place in the networks in the first 50 min from their
polymerization, after which they remain in a steady state. For the
networks with larger myosin bipolar filaments a very noisy steady
state is observed (Fig. 3b). We compare the time and ensemble
averaged MSD of gels in the steady state and find that they coincide,
indicating that these are ergodic systems (see Fig. S5, ESI†).

2.2 Mechanical stiffening due to myosin activity

The local mechanical properties of the active gels in the steady
state were characterized using microrheology. The MSD of
tracer particles within the gels at increasing concentrations of
myosin are shown in Fig. 4a and b. The decrease of the MSD
as myosin concentration increases in the ensemble average
confirms the myosin stiffening effect observed at the single
trajectory level. Since our active networks are not in thermal
equilibrium, we cannot use the generalized Stokes–Einstein
relation to extract their shear modulus, except for the passive
network containing no myosin. Therefore, we quantify the
networks’ stiffness using several measures: a – the diffusive
exponent of the MSD curve at short times (marked in Fig. 4a),
b – the ratio of active to passive width of the van Hove
distribution, where the van Hove distribution is the probability
density of the displacement of a tracer particle (see Fig. S6,
ESI†), the MSD at t = 7 s (lag-time within the elastic plateau of
the gels), and Keff

0 – a lower bound effective differential plateau
shear modulus46 calculated using the generalized Stokes–
Einstein relation. Keff

0 is defined as the response of a prestressed
material to an additional small perturbation. In Fig. 4c and d
a and b are plotted as a function of myosin concentration.
At small myosin concentrations a E 0.7–0.8 in accordance with
the expectations for networks of semiflexible polymers,2,42,43

whereas at large myosin concentrations a E 0.4–0.6 consistent
with the results for filaments under tension.44 This is consistent

Fig. 2 Typical trajectory of a 1 mm polystyrene particle in the crosslinked
actin network: (a) passive network, [myosin]/[actin] = 0 and (b) active
network, [myosin]/[actin] = 0.02. The concentration of actin monomers is
24 mM. Motor bipolar filaments are constructed with Nmyo = 19 myosin
molecules. The two trajectories were taken at 70 Hz for about 140 s. An
example of a trajectory of a particle that experiences large steps is plotted
in the inset of (b).

Fig. 3 MSD at t = 7 s along the experiment time for actin–
myosin networks constructed with myosin filaments of (a) Nmyo = 19 and
(b) Nmyo = 32. Colors and symbols correspond to different [myosin]/[actin]
ratios: 0 (blue circles), 0.0017 (red squares), 0.0025 (green triangles), 0.005
(orange diamonds), 0.0083 (violet right triangles), 0.01 (maroon down
triangles), 0.0125 (magenta stars) and 0.02 (black pluses). The actin
monomer concentration was 24 mM for all networks presented here.

Fig. 4 Mechanical properties as a function of myosin concentration.
(a and b) Time and ensemble-averaged MSD of probe particles as a
function of lag-time t approximately 100 min after polymerization. Myosin
filaments are constructed from Nmyo = 19 and Nmyo = 32 (respectively)
myosin molecules. Colors and symbols correspond to different [myosin]/
[actin] ratios: 0 (blue circles), 0.0017 (red squares), 0.0025 (green triangles),
0.005 (orange diamonds), 0.0083 (violet right triangles), 0.0125 (magenta
stars) and 0.02 (black pluses). (c and d) Stiffening of the gels as a function
of myosin concentration represented by the short time diffusion exponent
a (green circles) and the narrowing of the van Hove distribution indicated
by b (red squares) for Nmyo = 19 and Nmyo = 32 (respectively) myosin
molecules (see text for details). The crosslink concentration is given by
two contributions: Rba and Rmyosin = NFmyosin/[actin], the latter increasing
with myosin concentration.
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with motor induced stiffening reported previously.31,45 Interestingly,
for networks containing large myosin bipolar filaments, that evolve
dynamically and structurally with time, a starts at much larger values
than for passive networks and decays to the passive network value,45

in contrast to our observations. Additional verification that the
networks stiffen with the addition of myosin can be seen from the
values of b in Fig. 4c and d. For all myosin concentrations b o 1,
indicating that the length scale of active fluctuations is small enough
to be hidden in the stiffness induced narrowing of the van Hove
distribution. This is in contrast to previous measurements31,45

in which b 4 1 was reported. This discrepancy is probably due
to the smaller size of the myosin filaments in our experiments,
which restricts the maximum local tension they can exert and
the resulting fluctuation caused by its release. Encouraged by
the small effect of active fluctuations on the shape of the van
Hove distribution (see Fig. S6, ESI†), we examine the effective
differential shear modulus Keff

0 of the networks as a function
myosin concentration (Fig. 5). Since internal stresses and
external stresses affect actomyosin networks equivalently,1 micro-
rheology measurements in active, internally stressed networks,
provide us with a measure of the differential shear modulus K
rather than the absolute shear modulus G. We find a jump in the
effective differential shear modulus once myosin is added to
the networks. As more myosin is added the differential shear
modulus remains constant up to a threshold concentration,
above which it increases again. This result is similar to the bulk
rheology measurements of actomyosin networks with large
myosin filaments.1 As mentioned above, myosin motors affect
the stiffness of actin networks by crosslinking actin filaments and
by pulling the slack out of the actin fibers, which reduces the
networks’ entropy. The plateau shear modulus of a semiflexible
polymer network is given by:42,46

G0 �
k2

kBTx2‘c3
; (1)

where k is the bending modulus of an actin filament, kBT
is the thermal energy, x is the the network’s mesh size,
and cc is its entanglement length (or the distance between
crosslinkers in the network). The ratio of biotin/avidin
crosslinks (Rba = [biotin]/(2[actin])) to myosin crosslinks
(Rmyosin = NFmyosin/[actin]) ranges, in our experiments, from
Rba/Rmyosin = 8.64 to Rba/Rmyosin = 0.43, where Rba (Rmyosin) is the
concentration ratio between biotin/avidin crosslinks (myosin
bipolar filaments) and actin monomers. An increase in myosin
concentration, therefore, increases the number of crosslinks,
resulting in a decrease of the entanglement length according
to cc B xR�y

myosin.46 For actomyosin networks it was shown1 that
K B s/sc above the critical stress sc. Combining this observa-
tion with eqn (1) and assuming that internal stress increases
linearly with Rmyosin we get:

K �
G0 � R

3y
myosin sosc

G0
sc
s0
� R

1þ3y
myosin s � sc

8><
>:

(2)

A fit of Keff
0 at high myosin concentrations to a power law

resulted in y = 0.33 and y = 0.033 for small (Nmyo = 19) and large
(Nmyo = 32) myosin filaments, respectively (Fig. 5). For passive
actin networks crosslinked with scruin–calmodulin46 the value
of y = 0.58 was found, similar to the power law found for our
smaller motor filaments. Other reports on stiffening due to
crosslinking do not differentiate between the effect of bundling
and crosslinking, but find that G0 B Rx with x = 0.6 and 1.2,19

x = 0.17,47 and x = 1.24.48 It is assumed here, that the majority
of the myosin filaments in the samples are attached to more
than one actin filament acting as crosslinks, even though some
may detach from the network occasionally.

The onset of stiffening of the networks occurs at different
[myosin]/[actin] ratios for the two motor filament sizes (compare
0.01 and 0.004, for Nmyo = 19 and Nmyo = 32, respectively), and at
different Rmyosin (compare 5.3� 10�4 and 1.2� 10�4, for Nmyo = 19
and Nmyo = 32, respectively). However, both are in a similar
range to previous reports.1,10

2.3 Stress propagation in active networks

Two point microrheology is a technique that uses the spatial
and temporal dependence of the correlated diffusion of particle
pairs to measure the bulk shear modulus of the medium in
which the particles are embedded.49 In addition, the correlated
diffusion can be used to measure the spatial decay of the
material’s response to a mechanical perturbation.50–52 The
correlated diffusion in such experiments is calculated from
particle trajectories according to:49

D8(r,t) = hDr i
8(t,t)Dr j

8(t,t)d(r � Rij(t))i

D>(r,t) = hDr i
>(t,t)Dr j

>(t,t)d(r � Rij(t))i, (3)

where Dri
8(t,t)(Dri

>(t,t)) is the displacement of particle i during
the time between t and t + t, projected parallel (perpendicular)
to the line connecting the pair, and Rij(t) is the pair separation
at time t. The shear modulus of the material is then extracted
from the Laplace transform of the longitudinal part of the

Fig. 5 (a and b) MSD at tm = 7 s as a function of [myosin]/[actin] for Nmyo = 19
and Nmyo = 32 (respectively) reflects gel stiffening. (c and d) The corresponding
lower bound effective plateau shear modulus Keff

0 as a function of [myosin]/
[actin] for Nmyo = 19 and Nmyo = 32. Nonlinear stiffening is observed after a
concentration threshold. A power law fit to the non-linear stiffening is
indicated by dashed red lines.
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correlated diffusion using the relation D̃8(r,s) = kBT/6prsG̃(s),
where G̃(s) = s~Zb(s), s = io, and ~Zb(o) is the complex bulk
complex viscosity.

Recently, we showed that in passive actin networks (without
myosin) such a perturbation, over an intermediate range of
distances, decays much faster with distance (r�3) than is usually
expected (r�1).53–55 This response is a manifestation of the
transition in the motion of the solvent with respect to the
polymer network. We assume no-slip boundary conditions
between the solvent and the particle surface, but the actin network
can slide over it.56 As a result, in response to a mechanical
perturbation, the fluid moves against the actin network at inter-
mediate distances, whereas the solvent and network move
together at long distances. The transition between these two
scenarios occurs at particle separations of several micrometers
in actin networks. The crossover distance, rc, depends on the actin
mesh size and the ratio between the bulk and local complex
viscosity, Zb and Zc respectively, as:50,53

rc = a[2(Zb/Zc)g(xd/a)]1/2, g(x) = x2 + x + 1/3. (4)

where a is the tracer particle radius, the local complex viscosity is
the complex viscosity extracted from one point microrheology,
while the bulk complex viscosity is extracted from two point
microrheology measurements. Eqn (4) provides a means to extract
structural information, i.e. the dynamic correlation length xd,
about the networks, from microrheology experiments.54 In actin
networks made of sufficiently long filaments xd = bx, where b is
a constant close to one.54

Here, we are interested in characterizing stress propagation
in active networks as a function of motor concentration. The
increased stiffness due to motor action translates to an increase
in bulk complex viscosity, and hence, an increase in rc. On the
other hand, an increase in motor concentration and crosslinks
should result in a decrease in mesh size and a decrease in rc. In
Fig. 6a and b the longitudinal correlated diffusion at t = 14 ms
is shown, which resembles the measured D8 of passive actin
gels with no myosin motors.53,54 In particular, the correlated
diffusion decays quickly, D8 B r�3, at intermediate distances
and slower, D8 B r�1, at large distances, as in passive actin
networks. Based on the small symmetric effect that active
fluctuations have on the van Hove distribution (Fig. 4c, d and
Fig. S6, ESI†), we assume that eqn (4) is valid also for the active
networks at steady state. We use the effective lower bound
complex viscosity measured by one and two point microrheol-
ogy, and the crossover distance rc, to extract the dynamic
correlation length xd as a function of myosin concentration
(Fig. 6c and d). The crossover distance rc, ranges in our active
systems between 4.5–3.5 mm and 5.5–5.0 mm for Nmyo = 19 and
Nmyo = 32 motors respectively. In both motor systems we find
that the dynamic correlation length increases with a small
addition of myosin motor (Fig. 6c and d). For the smaller motor
filaments, we find that increasing further the myosin concen-
tration causes a decrease in xd. For larger motor filaments, we
find that xd is larger than its value in the passive network and
approximately constant at different myosin concentrations,
however, rc reduces with the addition of myosin. We conclude,

therefore, that while motor activity increases the network
stiffness and may change its structure (i.e., mesh size), it has
little effect on the spatial dependence of stress transmission,
since changes in rc are minor.

3 Conclusions

In this paper we presented a bio-inspired gel that can exist in a
long-lived active steady state. This allowed us to study the effect
of activity level, in terms of motor size and concentration, on
the mechanical properties of these active networks. Steady state
conditions were obtained approximately 50 min after actin
polymerization was initiated, probably after some initial
restructuring of the network. Using microrheology, we have
shown that myosin motors stiffen in vitro actin networks,
probably by the addition of crosslinking points and by applying
tension to the network. The crosslinking effect is quantified by
measuring the change in the networks’ mesh size using two
point microrheology as well as by the power law increase of the
effective shear modulus. The tension effect is seen through
the decrease in diffusion power at short times, a. These two
stiffening mechanisms were found also in networks containing
much larger myosin bipolar filaments and networks in which
crosslinkers induce actin bundling. The similarity between
the effects of motor activity on the mechanical properties
of structurally different actin networks, indicates that this
type of stiffening should apply for the more general case of
cytoskeleton networks. We note that the kinetics of self-
organization of cytoskeletal networks should differ significantly
from these in vitro networks, for several reasons. First, the
binding kinetics of nonmuscle myosin present in most cells are
different from the kinetics of the rabbit skeletal myosin II we
use. Second, there are more than 50 actin binding proteins in

Fig. 6 (a and b) Longitudinal displacement correlations as a function of
particle separation at lag time t = 0.014 s at [myosin]/[actin] = 0.0025 with
Nmyo = 19 (a) and Nmyo = 32 (b). The errors of D|| are approximately
5 � 10�6 mm2 or smaller. The crossover distance (orange dashed line) is
defined at the intersection of the fitted bulk (r�1) and intermediate (r�3)
power-law decays of D8. (c and d) The crossover distance rc and
the dynamic correlation length xd dependence on [myosin]/[actin] for
Nmyo = 19 (c) and Nmyo = 32 (d).
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the cells that take an active role in its assembly, and are not
present in our model system. Finally, actin turnover in cells is
known to affect self-organization, as seen in cell motility. Actin
turnover in cells may also act as a stress regulation mechanism.
For example, there is evidence of such interplay between
mechanical and biochemical processes in actin stress fibers
in the cell.57 However, working with small myosin bipolar
filaments, in vitro, allowed us to avoid the catastrophic rupture
and compression usually seen in such networks, suggesting the
motor bipolar filament size as a possible additional control
parameter for structural stability within cells.

In addition to the relevance that these systems may have to
biological systems, they serve also as model active materials.
The long lived steady state demonstrated here provides a much
needed opportunity to study, experimentally, the statistical
mechanics properties of active systems coupled to a heat bath.
For example, we observed a distinct difference between tracer
particle fluctuation in our gels as compared to previously studied
actomyosin networks containing large motor filaments.2,3,31,45

Relatively small filaments cause small athermal fluctuations
leading to strongly subdiffusive MSD curves (i.e. with a diffusion
exponent ao 0.7), whereas large myosin filaments induce large,
non-Gaussian, fluctuations with aB 0.9.31,45 Another interesting
question that could be addressed in these systems is the
existence of detailed balance. The probability density currents
of particle motion (see for example ref. 58) in this active steady
state, might differ at different timescales, especially if network
reorganization and evolution take place.
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5 S. Köhler and A. R. Bausch, PLoS One, 2012, 7, e39869.
6 T. B. Liverpool, A. C. Maggs and A. Ajdari, Phys. Rev. Lett.,

2001, 86, 4171–4174.
7 D. Humphrey, C. Duggan, D. Saha, D. Smith and J. Käs,

Nature, 2002, 416, 413–416.
8 F. Ziebert and I. S. Aranson, Phys. Rev. E: Stat., Nonlinear,

Soft Matter Phys., 2008, 77, 011918.
9 F. Backouche, L. Haviv, D. Groswasser and A. Bernheim-

Groswasser, Phys. Biol., 2006, 3, 264–273.
10 P. M. Bendix, G. H. Koenderink, D. Cuvelier, Z. Dogic,

B. N. Koeleman, W. M. Brieher, C. M. Field, L. Mahadevan
and D. A. Weitz, Biophys. J., 2008, 94, 3126–3136.

11 Y. Ideses, A. Sonn-Segev, Y. Roichman and A. Bernheim-
Groswasser, Soft Matter, 2013, 9, 7127–7137.

12 S. Köhler, V. Schaller and A. R. Bausch, PLoS One, 2011,
6, e23798.

13 E. Reisler, C. Smith and G. Seegan, J. Mol. Biol., 1980, 143,
129–145.

14 J. H. Sinard, W. F. Stafford and T. D. Pollard, J. Cell Biol.,
1989, 109, 1537–1547.

15 T. H. Robert, B. S. Wallace Ip, M. L. Cayer and D. S. Smith,
J. Mol. Biol., 1977, 111, 159–171.

16 T. Hayashi and K. Maruyama, J. Biochem., 1975, 78,
1031–1038.

17 M. Lenz, Phys. Rev. X, 2014, 4, 041002.
18 P. A. Janmey, S. Hvidt, J. Käs, D. Lerche, A. Maggs,

E. Sackmann, M. Schliwa and T. P. Stossel, J. Biol. Chem.,
1994, 269, 32503–32513.

19 B. Wagner, R. Tharmann, I. Haase, M. Fischer and A. R.
Bausch, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 13974–13978.

20 O. Lieleg, M. M. A. E. Claessens and A. R. Bausch, Soft
Matter, 2010, 6, 218–225.

21 M. L. Gardel, K. E. Kasza, C. P. Brangwynne, J. Liu and
D. A. Weitz, Mechanical response of cytoskeletal networks,
Methods in Cell Biology, Academic Press, 2008, ch. 19,
vol. 89, pp. 487–519.

22 K. E. Kasza, G. H. Koenderink, Y. C. Lin, C. P. Broedersz,
W. Messner, F. Nakamura, T. P. Stossel, F. C. MacKintosh
and D. A. Weitz, Phys. Rev. E: Stat., Nonlinear, Soft Matter
Phys., 2009, 79, 041928.

23 M. Soares e Silva, M. Depken, B. Stuhrmann, M. Korsten,
F. C. MacKintosh and G. H. Koenderink, Proc. Natl. Acad.
Sci. U. S. A., 2011, 108, 9408–9413.

24 I. Linsmeier, S. Banerjee, P. W. Oakes, W. Jung, T. Kim and
M. P. Murrell, Nat. Commun., 2016, 7, 12615.

25 M. S. J. Alvarado, A. Sharma, F. C. MacKintosh and G. H.
Koenderink, Nat. Phys., 2013, 9, 591–597.
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