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ABSTRACT: We optically drive a microsphere at constant
speed through entangled actin networks of 0.2−1.4 mg/mL at
rates faster than the critical rate controlling the onset of
nonlinear response. By measuring the resistive force exerted on
the microsphere during and following strain, we reveal a
critical concentration cc ≃ 0.4 mg/mL for nonlinear features to
emerge. For c > cc , entangled actin stiﬀens at short times with
the degree of stiﬀening S and corresponding time scale tstiff
scaling with the entanglement tube density, i.e., S ∼ tstiff ∼ dt−1
∼ c3/5. The network subsequently yields to a viscous regime
with the yield distance dy scaling linearly with yield force f y and
inversely with the entanglement length (f y ∼ dy ∼ le−1 ∼ c2/5). Stiﬀening and yielding dynamics are consistent with recent
theoretical predictions for nonlinear cohesive breakdown of entanglements. We further show that above cc force relaxation
proceeds via slow ﬁlament disengagement from dilated tubes coupled with ∼10× faster lateral hopping, with the corresponding
concentration dependences in agreement with recent theoretical predictions for entangled rigid rods.

■

INTRODUCTION
Actin, the most abundant protein in eukaryotic cells, is a
semiﬂexible biopolymer in the cytoskeleton that plays a crucial
structural and mechanical role in cell stability, motion, and
replication as well as muscle contraction. Most of these
mechanically driven processes stem from the complex
viscoelastic response that networks of entangled and crosslinked actin ﬁlaments display.1−3 As such, numerous theoretical
and experimental studies have been devoted to understanding
the complex mechanics of this important biopolymer system.1,4
Strained actin networks, characterized by a concentrationdependent mesh size of ξ ∼ 0.3c−1/2 (in μm, with concentration
c in mg/mL),5 exhibit wide-ranging mechanics which are highly
dependent on the concentration of ﬁlaments as well as the
nature of the perturbation.
Traditionally, polymer network mechanics have been studied
via macrorheology techniques, which rely on bulk averaging
and require often prohibitively large sample volumes for studies
with valuable biopolymers such as actin. However, the
emergence of microrheology techniques, which only require
microliter sample volumes and directly probe molecular-level
mechanics, has shed much needed new light onto the complex
mechanics of actin networks at physiologically relevant force
and length scales.1,6−11 Microrheology uses embedded microscale probes to sense network mechanics via tracking passively
diﬀusing probes or using optical or magnetic tweezers to force
the probe through the network while measuring the network
response. While the nature of micro- and macrorheology
measurements are indeed quite diﬀerent, several previous
experimental and theoretical studies have been devoted to
© XXXX American Chemical Society

carefully determining the extent to which these two techniques
can be compared.12−14 For example, we previously showed that
for ﬂexible polymers active microrheology reported macroscopic properties for probe sizes >3× the tube diameter of the
network.15−17 Nonetheless, ﬂows induced by microrheology are
in fact nonuniform and can lead to polymer buildup at the
leading edge and depletion at the trailing edge of a moving
probe leading to a unique microscale visoelastic regimes not
present at the macroscale.18,19,20 However, it is these
discrepancies between the two techniques that can actually
shed light on the microscale structures of biopolymer networks
and varying length-scale-dependent mechanical regimes.18,21
Despite these technological advances, most of the previous
rheological studies on actin networks have focused on the nearequilibrium linear regime (accessible to passive microrheology
techniques) and mechanics of cross-linked networks.22−24 As
such, the microscale response of entangled actin subject to
nonlinear strains which perturb the network far from
equilibrium has remained largely unexplored.18,25
The dynamic properties of entangled polymer solutions are
tuned primarily by their entanglement density or concentration
and have successfully been described by the well-celebrated
tube model pioneered by de Gennes and Doi and Edwards.26,27
This model, which postulates that each polymer chain is
constrained to a tube-like region formed by the surrounding
chains that prohibits motion transverse to its contour, was
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originally developed for ﬂexible polymer chains and rigid rods.
Actin, with a persistence length, lp, of ∼17 μm, comparable to
typical ﬁlament lengths of ∼10−30 μm, falls in a unique class of
semiﬂexible polymers that are able to bend and deﬂect but
maintain extended proﬁles.24,28,29 Historically, researchers have
often applied rigid rod reptation theory to entangled actin
networks with reasonable success.6,7 For example, the scaling
for the reptation time (τD) and the diﬀusion constant along the
tube (D∥) with ﬁlament length have been shown to agree with
classic Doi−Edwards (DE) theory for rigid rods.7,29 According
to rigid rod DE theory, the longest relaxation time of the
network is the reptation time, the time it takes for a ﬁlament to
completely diﬀuse out of its tube, which depends both on the
tube diameter, dt, and ﬁlament length, L, as τD ∼ (L/dt)2.27 To
account for discrepancies, such as D∥ values ∼20 smaller than
predicted for rigid rods,7 worm-like chain models were
developed that incorporated bending and lateral deﬂection
modes into tube models and placed more signiﬁcance on the
persistence length as a controlling length scale for network
dynamics.5,7,30−32 Within this framework the governing network length scales are the tube diameter dt ≡ ξ6/5lp−1/5 ∼ c−3/5,
the ﬁlament length between entanglements le ≡ ξ4/5lp1/5 ∼ c2/5,
the Odijk deﬂection length λ ≡ ξ2/3lp1/3 ∼ c−1/3, and the
amplitude of transverse ﬂuctuations lt2 ∼ L3/lp.5,28,33
Given these length scales, deformed actin ﬁlaments are
predicted to release their stress via several dynamically distinct
mechanisms that occur over diﬀerent length and time scales
dependent on the network concentration.5,23,34 Initial relaxation occurs when a mesh size length along a ﬁlament can relax.
This mesh time, τmesh ≡ βζξ4lp−1, where β = 1/kBT and ζ is the
translational friction coeﬃcient,5,31 is the time it takes for
hydrodynamic interactions between ﬁlaments to become
important (i.e., for each ﬁlament to “feel” the network). The
second fastest relaxation mechanism is the relaxation of
individual entanglement segments, which occurs over the
disentanglement time τent ≡ βζξ16/5lp−1/5 and is only weakly
dependent on the rigidity of the polymer.5 Odijk length
ﬂuctuations, on the other hand, unique to semiﬂexible
ﬁlaments, relax on a time scale τλ ∼ βζLλ2 ∼ c−2/3. Complete
terminal relaxation is only predicted to occur after the conﬁned
polymer can completely diﬀuse or disengage from the
deformed tube. This predicted reptation time τD ∼ βζL3 is
concentration independent (ignoring any concentration
dependence of ζ), in contrast to the rigid rod result τD ∼
(L/dt)2 ∼ c6/5. Determining exact numerical quantities for these
time scales requires knowing the friction coeﬃcient ζ. While ζ
is often assumed to be concentration independent (for rigid
rods) with βζ = 1/(D∥L) ∼ c0, eﬀective medium arguments
have shown a weak increase in ζ with concentration (i.e., ζ ∼
1/(ln(c−1/2))),31,35 and with a power-law ﬁt to the data
presented by Kas et al. for diﬀusion of entangled actin
ﬁlaments7 one can demonstrate a similar weak increase, ζ ∼
c0.35. If one assumes no concentration independence, estimated
values of βζ ≃ 2−4 s/μm3 can be determined from previously
reported data and predictions.5,7
Notably, these relaxation time scales are all for steady-state or
linear regime mechanics and the extent to which bending,
retraction and semiﬂexibility play a role in nonlinear mechanics
of entangled actin remains controversial. A recent theoretical
extension to the tube model by Sussman and Schweizer (SS),
describing the nonlinear response of entangled rigid rods,
shows agreement with several previous entangled actin
experiments,36−38 suggesting that bending and stretching play

a negligible role in the nonlinear regime. Further, our recent
microrheology measurements show that nonaﬃne ﬁlament
displacements and stress softening due to bending modes are
suppressed in the nonlinear regime.25 In fact, classical DE
theory predictions for nonlinear mechanics are largely the same
for ﬂexible and rigid polymers due to the fast equilibration of
chain stretch via Rouse modes.27,39,40 We ﬁnally note that tube
models and extensions thereof have all been developed for
monodisperse entangled polymer systems, whereas networks of
actin as well as most synthetic polymers have a distribution of
lengths around the mean. However, these models have
routinely been applied to both systems, showing excellent
agreement between theory and experiment for most steadystate and linear regime properties,29,36 suggesting that the
degree of polydispersity in these systems does not play a
signiﬁcant role in mechanics.
Using the tube model framework, several theoretical
studies32,41,42 have predicted that the plateau modulus scales
with concentration as G ∼ c7/5 while others43 predict G ∼ c4/3.
Several macro- and microrheology studies have reported
agreement with the c7/5 scaling,23,34,44 and recent microrheology measurements of the microscale creep compliance of
entangled actin reported that viscosity scales as η ∼ c7/5.20 On
the other hand, other recent microrheology measurements8,44,45 reported scaling of G ∼ c while still others46−49
showed G ∼ c11/5 and G ∼ c9/16. Further, the majority of
experimental and theoretical studies have reported stress
softening of entangled actin rather than stiﬀening in the
nonlinear regime, understood to be due to the available
nonaﬃne bending modes not present in cross-linked or rigid
rod networks.1 However, two previous macrorheology studies
have reported stress stiﬀening at short times for entangled
actin.10,50 These discrepancies in both linear and nonlinear
regimes demonstrate the lack of clarity regarding the
concentration dependence of entangled actin mechanics and
highlight the need for new experiments that systematically
characterize the concentration-dependent response of entangled actin especially in the nonlinear regime.
The classic Doi−Edwards assumption that the entanglement
tube is a static intrinsic network parameter,27 has been
remarkable in predicting linear regime mechanics of entangled
polymers yet has failed to accurately describe nonlinear
response features such as stress stiﬀening, shear thinning, and
entanglement tube dilation.10,39,50,51 This failure lies in its poor
treatment of chain disentanglement during large mechanical
deformations that lead to nonlinear responses.52 The mounting
experimental evidence of complex entanglement dynamics and
stress nonlinearities not captured by the DE model39,51 has led
to the emergence of tube model extensions such as convective
constraint release (CCR), cohesive yielding, stress-induced tube
dilation, and anharmonic tube potential softening, all of which
dynamically alter the density and propensity of entanglements
surrounding each ﬁlament.39,51,53−55 CCR models postulate
that the imposed shear forces causes surrounding entanglements to disentangle at a rate controlled by the shear rate,
allowing each ﬁlament to relax over a much faster time scale
than reptation.16 Recent theoretical considerations of Wang et
al.55,56 suggest that stress stiﬀening and subsequent yielding
arises as the induced stress becomes greater than the cohesive
entanglement force. This cohesive force fcoh, resulting from the
entanglements along each polymer restricting relaxation, is
predicted to scale inversely with le (or proportional to the
entanglement density along each polymer). The force or stress
B
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Figure 1. Typical experimental setup. Top panels depict a 4.5 μm optically trapped probe (red) displaced 10 μm at constant speed (4 and 8 μm/s)
through an entangled actin network of low (left) and high (right) concentration. The bottom panels display the corresponding measured resistive
force the actin exerts on the probe (blue) both during (strain) and following (relaxation) the probe motion (shown in red). The speciﬁc force and
position data shown are for 0.2 mg/mL (left) and 1.0 mg/mL (right) actin subject to a 4 μm/s strain.

that induces yielding or cohesive breakdown, f y, which is
comparable to fcoh at the yield point, scales linearly with the
yield strain or distance (i.e., f y ∼ dy ∼ le−1. The recent SS tube
model extension,39,40,51 which assumes that the topological
constraint that the entangled chains impose (i.e., the tube) is
directly dependent on the externally applied stress, leads to
strain-induced tube dilation arising from alignment of ﬁlaments
with the shear which reduces the probability of interﬁlament
collisions (i.e., entanglements), thereby widening the tube (or
reducing the entanglement density). Models of SS and Wang55
also predict tube potential softening and yielding, in line with
previous entangled actin36 and DNA measurements,38 in which
the potential becomes weaker over time and transitions from
harmonic to quasilinear as ﬂuctuations approach dt. This stressinduced dilation and yielding, which ultimately leads to faster
network relaxation, is predicted to be concentration dependent.
Speciﬁcally, tube dilation from its equilibrium size dt scales as
dt′/dt ∼ c1/2 where dt′ is the dilated tube diameter.39,40 Provided
the relation τD ∼ dt−2, the decrease in τD (τD′/τD) is then
predicted to scale inversely with concentration (i.e., τD′/τD ∼
c−1). Further, a second relaxation mechanism, transverse barrier
hopping, is predicted, whereby ﬁlaments can evade tube
conﬁnement as ﬂuctuations lead to temporary removal of the
potential. The rate of this alternative relaxation mechanism is
likewise inversely dependent on concentration and becomes
competitive with and eventually faster than the reptation time
for strains larger than the yield strain. Thus, tube dilation and
yielding can collectively lead to a two-phase relaxation following
strain which is faster than single mode relaxation of ﬁlaments
out of undilated tubes (classic DE relaxation). Despite such
theoretical progress on nonlinear mechanics, the lack of
corroborating experiments coupled with a dearth of nonlinear
theories speciﬁcally designed for semiﬂexible ﬁlaments leaves
the nonlinear mechanics of entangled actin networks still not
well understood. Further, very few of these theoretical
extensions have incorporated concrete predictions regarding
the concentration dependence of mechanics.
We previously used optical tweezers microrheology to
characterize the microscale force response of entangled actin
of a single concentration (0.5 mg/mL) subject to constant
strain deformations.18 We demonstrated a unique strain rate
dependent crossover from linear to nonlinear mechanics that
occurred at a strain rate of γ̇c ∼ 3 s−1. For strains faster than γ̇c,
actin networks exhibited stress stiﬀening, shear thinning, and
strain-induced entanglement tube dilation. Tube dilation

dynamics, manifested during the post-strain force decay as
two-phase force relaxation, were consistent with the SS tube
model extension for rigid rods. These unique observations for a
ﬁxed actin concentration motivated the question as to how
robust this nonlinear regime is. Namely, how entangled must
the ﬁlaments be for this nonlinear response to emerge? How do
dynamics scale with concentration in the nonlinear regime?
Here we use active optical tweezers microrheology to directly
probe the microscale mechanical properties of entangled actin
networks over a broad range of concentrations (0.2−1.4 mg/
mL). We drive the probe at rates faster than γ̇c to nominally
access the nonlinear regime. We show that the onset of
nonlinearity is not simply controlled by strain rates but is
intrinsically linked to the entanglement density (concentration)
of the network. Only for networks in which the length between
entanglements is ≤1 μm, corresponding to a concentration of cc
≃ 0.4 mg/mL, are ﬁlaments restricted enough to display
nonlinear mechanics. For concentrations above cc , we observe a
break from predicted linear scaling laws coupled with key
nonlinear features including concentration-dependent strain
stiﬀening, yielding, shear thinning, and entanglement tube
dilation. Our measurements are the ﬁrst to comprehensively
characterize the concentration dependence of the nonlinear
force response of entangled actin ﬁlaments at the microscale.
Our results, directly applicable to the larger class of semiﬂexible
polymers, corroborate recent theoretical predictions as well as
reveal dynamical scaling laws not previously identiﬁed. Thus,
these measurements ﬁll a long-standing gap in knowledge
regarding the microscale dynamics of entangled polymers
driven far from equilibrium.

■

MATERIALS AND METHODS

Unlabeled and Alexa-568-labeled rabbit skeletal muscle actin were
purchased from Cytoskeleton (AKL99) and Invitrogen (A12374),
respectively. Actin was stored in Ca Buﬀer G [2 mM Tris pH 8.0, 0.2
mM ATP, 0.5 mM DTT, 0.1 mM CaCl2] and polymerized for 1 h in
F-buﬀer [10 mM imidazole pH 7.0, 50 mM KCl, 1 mM MgCl2, 1 mM
EGTA, 0.2 mM ATP]. 4.5 μm carboxylated polystyrene microspheres
(probes, Polysciences Inc.) were labeled with Alexa-488 BSA
(Invitrogen) to inhibit interaction with the actin network57 and
visualize the probes during measurement. Actin networks for
experiments were generated by mixing labeled actin, unlabeled actin,
and probes in F-buﬀer for ﬁnal actin concentrations of c = 0.2−1.4
mg/mL. These concentrations correspond to ξ = 0.67−0.25 μm, dt =
0.35−0.11 μm, and le = 1.28−0.59 μm. The mixture was quickly
pipetted into a sample chamber made from a glass slide and coverslip
C
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separated ∼100 μm by double sided tape such that it can
accommodate ∼30 μL of solution and sealed with epoxy. Actin
ﬁlament length can vary at diﬀerent polymerization concentrations; so
to quantify ﬁlament lengths and incorporate potential length variations
into our interpretations, we imaged each network using a Nikon A1R
confocal microscope prior to each experiment.18,58 For each
concentration ∼500 ﬁlaments were measured to obtain length
distributions (Supporting Information Figure S1). The length
distributions displayed minimal dependence on concentration with
lengths of 7.8 ± 3.3 and 7.9 ± 2.4 for 0.2 and 1.4 mg/mL, respectively,
resulting in an average ﬁlament length ∼7 μm. To ensure that the
slight concentration-dependent length variation did not play a role in
our measurements, we also repeated measurements using the capping
protein gelsolin (Cytoskeleton,inc. (HPG6)) to ﬁx actin length to 7
μm (using the relation L = (330RG)−1 where RG is the molar ratio of
gelsolin to actin).58 There was minimal diﬀerence between measured
lengths and force measurements for ﬁlaments polymerized with and
without gelsolin (Supporting Information Figure S2).
We note that the ﬁlament lengths used in this study are >2× smaller
than the persistence length and ∼2−4× smaller than typical ﬁlament
lengths used in previous studies (∼20−40 μm) that have shown
discrepancies between rigid rod theories and experimentally measured
actin mechanics.5,7,8
The optical trap used in measurements was formed by a 1064 nm
Nd:YAG ﬁber laser (Manlight) focused with a 60× 1.4 NA objective
(Olympus). A position-sensing detector (Paciﬁc Silicon Sensors)
measured the deﬂection of the trapping laser, which is proportional to
the force acting on the trapped probe over our entire force range. The
trap stiﬀness was calibrated via Stokes drag in water59 and passive
equipartition methods.60 During measurements, a probe embedded in
the network is trapped and moved 10 μm at a constant speed (4 and 8
μm/s) relative to the sample chamber via translation of a
nanopositioning piezoelectric stage (Mad City Laboratories) while
measuring both the laser deﬂection and stage position at a rate of 20
kHz during the three phases of experiment: equilibration (15 s), strain
(1.25 and 2.5 s), and relaxation (15 s) (Figure 1). By using the
established conversion factor for microrheology measurements in
complex ﬂuids γ̇ = 3ν/√2r, where v and r refer to the speed and radius
of the probe,18,21 our chosen speeds correspond to strain rates of γ̇ =
3.8 and 7.5 s−1. These rates were chosen to be comparable to and
faster than our previously determined crossover rate of γ̇c ≃ 3 s−1 that
controls the onset of nonlinear mechanics. Precision measurements
and data acquisition were achieved using LabVIEW while customwritten MATLAB programs were used for post-measurement data
analysis. Displayed force curves (Figures 2−4) are averages of 50 trials
using 50 diﬀerent probes each at diﬀerent locations in the sample
chamber. All error bars were determined by bootstrapping over 1000
subsets.

■

Figure 2. Microscale force response of entangled actin displays shear
thinning and breakdown of linear regime mechanics for concentrations
above 0.4 mg/mL. (A, B) Average force exerted by entangled actin
networks of varying concentrations (mg/mL, listed in legend) to resist
a probe driven at constant speeds of (A) 4 μm/s and (B) 8 μm/s. (C)
Eﬀective viscosity as a function of concentration determined from the
corresponding plateau force Fv reached at the end of the strain (shown
in inset). The solid line shows the previously reported scaling η ∼ c7/5
for linear regime mechanics of entangled actin. Note that at higher
concentrations the viscosity deviates from this scaling and decreases
with increasing speed, suggesting the onset of shear thinning. The
inset shows the resistive force from which the viscosity is determined
and demonstrates agreement with the scaling predicted for the plateau
modulus (G ∼ c7/5) at low concentrations (c < cc). However, this
agreement breaks down for c > cc , indicating tube dilation and shear
thinning.

RESULTS AND DISCUSSION

Figure 2A,B illustrates the measured force entangled actin
ﬁlaments of varying concentrations exert on the probe to resist
the 10 μm strain. For all concentrations and speeds actin
networks initially respond elastically, with resistive force
increasing with strain distance, after which the force approaches
a strain-independent plateau indicative of a purely viscous
response. Using this strain-independent plateau force, Fv, and
Stokes’ drag, η = Fv/6πrv (Figure 2C), we show that for the
three lower concentrations the eﬀective viscosity is speedindependent, representative of a Newtonian viscous response in
which the viscosity is an intrinsic property of the ﬂuid
unaﬀected by applied strain. In this low concentration regime
the viscosity scales as η ∼ c7/5, in agreement with previous
microrheology creep response measurements of entangled actin
at concentrations of 0.1−1.4 mg/mL.20 This unique microviscosity scaling is suggested to arise from a steady-state buildup
of ﬁlaments in front of the probe and depletion behind the

probe, rather than shear friction dissipation as in macrorheology measurements. 20 In contrast, for the higher
concentrations, the viscosity not only deviates from the 7/5
scaling but also decreases with increasing speed, indicating the
onset of shear thinning. Namely, viscosity is no longer an
intrinsic property of the network; rather, the network viscosity
is rate-dependent, becoming less viscous with increasing speed.
As described above, shear thinning is a nonlinear response of
well-entangled polymer networks subject to large strains and
can be understood as a result of strain-induced disentanglement
(CCR) or ﬁlament alignment with the shear (leading to a
reduced entanglement density or tube dilation). We previously
reported similar shear thinning (speciﬁcally η ∼ γ̇−1/3) for 0.5
mg/mL actin subject to nonlinear strains (γ̇ > γ̇c), indicating
D
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Figure 3. Microscale stress stiﬀening and subsequent yielding are controlled by the number of entanglements constraining each ﬁlament. (A, B)
Eﬀective diﬀerential modulus of entangled actin networks calculated as the derivative of the resistive force with respect to position (K = dF/dx) for 4
μm/s (A) and 8 μm/s (B) strains. Each modulus is normalized by the corresponding value at time t = 0 (K0), and color schemes are as in Figure
2A,B. The horizontal dotted line guides the eye to show stress stiﬀening (K/K0 > 1) or softening (K/K0 < 1). (C) Stress stiﬀening parameter (Kmax/
K0) − 1, as a function of actin concentration, where Kmax is the maximum modulus value reached for each concentration. The solid line represents
the scaling of the entanglement tube density along the probe path with concentration (i.e., dt−1 ∼ c3/5). The inset shows the time at which Kmax is
reached (tstiff), which also scales as dt−1. Note stiﬀening only occurs for times comparable to the fastest relaxation time scale of the network (τmesh).
(D) Yield distance as a function of concentration. Yield distance is determined as the distance at which K drops to 1/2e of its initial value K0 and
indicates the distance at which the response becomes primarily viscous. The solid line is the predicted scaling for the induced force necessary to
disrupt the cohesive entanglement force which scales as lent−1 ∼ c2/5.The inset further supports the cohesive breakdown model of yielding which
predicts f y ∼ dy.

that concentrations below 0.5 mg/mL are not suﬃciently
entangled to exhibit nonlinearities. As shown in the inset of
Figure 2C, we also examine the concentration dependence of
the steady-state force response Fv. In the linear regime, the
steady-state force should scale with the linear shear modulus of
the network G and the strain speed v. For c < cc we ﬁnd Fv(8
μm/s) ∼ 2Fv(4 μm/s) with a scaling with concentration in
agreement with the previous theoretically predicted shear
modulus scaling of c7/5.34,41 Tube dilation would lower this
scaling exponent, as the eﬀective shear-induced concentration
(entanglement density) is lower than the nominal value, and
shear thinning would reduce the linear dependence of Fv on
speed, as the viscosity would be reduced in a rate-dependent
manner. Indeed for c > cc we ﬁnd that Fv is nearly concentration
and speed independent for concentrations above 0.4 mg/mL.
We also quantify the time at which the network yields to the
viscous-dominated response by determining the time at which
the diﬀerential modulus, or the derivative of force with position
(K = dF/dx), becomes negligible (1/2e of initial K). As shown
in Figure 3D, for c > cc we ﬁnd that the distance or strain at
which yielding occurs dy scales with concentration as dy ∼ c2/5.
As le ∼ c−2/5, this scaling implies that the yield distance is
proportional to the number of entanglements along each
ﬁlament. This scaling is consistent with the cohesive breakdown
model of yielding developed by Wang et al., in which f y ∼ le−1.
Within this model, f y ∼ dy just as we see in the inset of Figure
3D. As described in the Introduction, this yielding arises when
the induced force balances the cohesive elastic force provided
by the entanglements restricting ﬁlament motion.55,56

The eﬀective diﬀerential modulus (K = dF/dx) quantiﬁes the
elasticity or stiﬀness of the network, so an increase in K signiﬁes
stress stiﬀening while a decrease signiﬁes stress softening and
ultimately yielding to a purely viscous response (K ≃ 0). As
displayed in Figure 3A,B, we ﬁnd that entangled actin initially
stiﬀens, increasing from an initial value (K0) to a maximum
(Kmax), and subsequently softens to a viscous regime. While
nearly all concentrations exhibit some degree of stiﬀening (S =
(Kmax/K0) − 1), albeit minimal for c < 0.4 mg/mL, stiﬀening
increases with concentration and is independent of speed
(Figure 3C). If stiﬀening is a result of entanglement segments
resisting deformation, then we should expect S to scale with the
number of entanglements Ne that the probe passes through
during strain (S ∼ Ne). Because the probe always moves a ﬁxed
distance (10 μm), then the number of entanglements that it
encounters will increase with concentration. Speciﬁcally, if dt ∼
c−3/5, then Ne ∼ c3/5, which is nearly the scaling of S that we
ﬁnd for higher concentrations. The speed independence of
stiﬀening demonstrates that stiﬀening is indeed controlled by
intrinsic length scales of the network (i.e., dt). This scaling
further supports the concept of a cohesive force on each
ﬁlament, which is proportional to the number of entanglements
constraining its motion, that provides the elastic response. The
time scale over which stiﬀening occurs also scales with Ne
which can be understood as a stronger cohesive force enabling
elastic stiﬀening to persist for longer times. In other words, the
higher Ne is, the larger the strain must be to rupture
entanglements and suppress further stiﬀening. Further, while
ty scales with Ne, the time scales for all concentrations are
comparable to the theoretically predicted τmesh (∼0.01 s) as
E
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seen in the inset of Figure 3C and are in line with our previous
ﬁndings for 0.5 mg/mL actin. Because the fastest relaxation
time scale of the network is the mesh relaxation time, for t <
τmesh the network cannot undergo any relaxation or softening
and thus stiﬀens in response to the strain. Speciﬁcally, such
stiﬀening has previously been suggested to arise from alignment
of entanglement segments in the direction of strain, suppressing
nonaﬃne bending modes, leading to a costly stretchingdominated response.10,45,50,61 After a time τmesh, each ﬁlament
is hydrodynamically constrained by the surrounding ﬁlaments,
prohibiting further free rotation to orient with the strain,
thereby suppressing further stiﬀening. Once the network can
begin to relax (via ﬁlament interactions) the force response can
become more viscous (i.e., the network can ﬂow) so the force
response exhibits softening and yielding (Figure 3A,B).
We also measure the relaxation of induced force following
the strain (Figure 4A,B). For c < 0.4 mg/mL force relaxation is
well-described by a single exponentially decaying function of
time, which implies a single intrinsic relaxation mechanism with
a time scale that does not vary with time. As displayed in Figure
4C, this relaxation time is independent of speed and scaling
agrees with the predicted scaling for the reptation time for
entangled rigid rod polymers τD ∼ c6/5. This linear response,
described by classical DE theory, is in contrast to the displayed
relaxations for c > 0.4 mg/mL networks, which can only be
accurately described by a sum of two exponential decays,
indicating two distinct relaxation mechanisms with wellseparated time scales. The magnitudes of the longer of these
two decay times are similar to relaxation times measured for the
lower concentrations; however, the scaling with concentration
is much weaker than the predicted 6/5 exponent. As described
in the Introduction, the SS reptation model extension, which
incorporates tube dilation into relaxation dynamics, predicts
that tube dilation leads to faster reptation times τD′ with the
increase from the steady state time scaling as τD′/τD ∼ (dt′/dt)2
∼ c−1.39,40 Combining this prediction with the linear regime
rigid rod scaling τD ∼ c6/5 leads to τD′ ∼ c1/5, which closely
describes the concentration scaling of the slower relaxation
times with concentration (Figure 4C, inset). The onset of
concentration-dependent tube dilation is coupled with an
∼10× faster relaxation mechanism (τfast = τD′/10) with a
similar concentration dependence as the slow time scale. As
described in the Introduction, in line with the SS model, we can
understand this faster relaxation as due to lateral hopping out of
constraining tubes due to ﬂuctuation-induced temporary
yielding. The coupled emergence of this lateral hopping
mechanism with the concentration-dependent dilation indicates
that hopping only plays a signiﬁcant role in relaxation when
entanglement tubes are suﬃciently dilated to allow for
ﬂuctuation-induced transient yielding of tube constraints.

Figure 4. Entangled actin force relaxation displays concentrationdependent tube dilation and nonclassical two-phase relaxation for c >
cc. (A, B) Relaxation of induced force following the strain as a function
of time for (A) 4 μm/s and (B) 8 μm/s. The solid lines are ﬁts of the
data to exponential decays. The higher four actin concentrations (c >
cc) can only be described with a double-exponential function whereas
the lower concentrations (0.2 and 0.3 mg/mL) are well ﬁt with a
single-exponential function of time. (C) Characteristic force decay
times as a function of concentration, determined from the
corresponding exponential ﬁts for both speeds shown in (A) and
(B). The solid line indicates the DE predicted scaling of the reptation
time with concentration (τD ∼ c6/5), and the dashed line shows the
scaling predicted by the SS model for concentration-dependent tube
dilation in the nonlinear regime (τD ∼ c1/5). The inset shows the
measured decay times trelax normalized by the classically predicted
reptation time scaling to demonstrate the predicted scaling τD′/τD ∼
c−1. Higher concentration results demonstrate agreement with SS
model predictions for tube dilation and lateral hopping in the
nonlinear regime.

CONCLUSION
Networks of entangled ﬁlamentous actin, a key cytoskeleton
protein and a model semiﬂexible polymer, have been shown to
display complex viscoelastic mechanics that are highly dependent on the concentration of actin ﬁlaments as well as the nature
and scale of the applied strain. Here, we have used active
microrheology techniques to characterize the concentration
dependence of the microscale nonlinear mechanical response of
entangled actin. While we previously identiﬁed a unique
nonlinear response for entangled actin subject to strains faster
than γ̇c ≃ 3 s−1, our collective results reported here demonstrate
a previously unpredicted and unreported critical concentration

(i.e., entanglement density) for nonlinear response features to
emerge. Beyond this concentration cc ∼ 0.4 mg/mL, we show
that entangled actin stiﬀens at time scales comparable to the
fastest relaxation time scale of the network τmesh, and the degree
of stiﬀening S and stiﬀening time scale scales inversely with the
theoretical entanglement tube diameter, i.e., S ∼ dt−1 ∼ c3/5. At
longer time scales the network yields to a viscous regime with
the distance and corresponding force at which yielding occurs
scaling as the number of entanglements along each ﬁlament (f y
∼ dy ∼ lent−1 ∼ c2/5). Stiﬀening and yielding dynamics are
consistent with recent predictions of strain-induced breakdown
of the cohesive entanglement force. We further show that above
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cc force relaxation proceeds via two distinct mechanisms: slow
reptation out of dilated tubes coupled with ∼10× faster lateral
hopping. Tube dilation and commensurate reduced relaxation
times scale inversely with concentration, in agreement with
recent theoretical predictions. Our results, directly applicable to
the larger class of semiﬂexible polymers, not only resolve
important scaling discrepancies reported in the literature but
also reveal dynamical scaling laws not previously identiﬁed or
predicted. Thus, our measurements shed much needed new
light on the controversial and scarcely explored microscale
dynamics of entangled polymers driven far from equilibrium.
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