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Nonlinear mechanics of entangled F-actin solutions
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Using a variety of different rheological approaches, we study the nonlinear shear response of purified

entangled F-actin solutions. We show that the choice of the experimental protocol is crucial.

Furthermore, a transition between stress hardening and weakening can be induced even in purely

entangled solutions. This transition depends on various ambient and network parameters including

temperature, buffer salt concentration, filament length and density.
1 Introduction

Many processes of living cells require tight control of cytoskel-

etal mechanics. While the puzzling complexity of the linear

response and the observed general response behaviors already

pose a major challenge to experiment and theory alike,1 it has

been proposed that cells harness the nonlinear response of the

semiflexible polymer networks to rapidly adapt their local

properties even at small strains.2 As the strain increases,

a crossover has been observed to a linear inelastic flow regime,

most likely due to crosslink slippage.3 The observed generic form

of the nonlinear response of living cells can be explained by

bending deformations of the cytoskeletal network;4 however,

only in vitro systems will be able to unambiguously determine the

underlying physical mechanisms.

The simplest model systems, with still daunting complexity,

are entangled F-actin solutions. While the linear response can be

quantitatively understood by tube deformations,5,6 an under-

standing of the nonlinear response is still elusive. This is partly

attributable to the fact that all kind of stress weakening or

stiffening responses have been reported for such networks.7,8

The contradictory results need clearly to be addressed before

further progress can be achieved or any conclusions can be

drawn on the deformation modes dominating such networks.

Achieving consistent results requires that several difficulties be

overcome, including clean sample preparation, and the devel-

opment of experimental techniques that can accurately charac-

terize nonlinear deformation. Reproducible measurements of

nonlinear deformation are often difficult to obtain because

nonlinearity is associated with large deformations that alter or

yield material structures. This is most challenging for soft

samples with pronounced viscous properties. Great care has to

be taken on the choice of the measurement protocol for

a method-independent description of the nonlinear response.8

In this study we use a variety of techniques to characterize the

nonlinear shear response of highly purified in vitro F-actin. The
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most reproducible nonlinear measurements were obtained by

applying signal pulses separated by a long relaxation time. The

pulse signals consisted of two types: constant stress (or creep)

tests, and constant shear rate tests. These measurements,

together with large amplitude oscillatory strain (LAOS) experi-

ments, were sufficiently sensitive and robust to resolve all

contradictions found in the literature to date.

Our measurements reveal that the nonlinear response of

entangled F-actin is very sensitive to experimental conditions

including temperature, actin and salt concentration, and even

filament length. We show that each of the these parameters can

be tuned to produce a dramatic transition between softening and

hardening. Remarkably, the linear moduli change little during

this transition. These results are in qualitative agreement with the

predictions of the recently introduced glassy-worm-like chain

model.9,10 The extreme sensitivity of the nonlinear regime to

temperature implies that nonlinear mechanical properties are

governed by network bonds with energies on the order of the

thermal energy, kT. These bonds are therefore weak enough to be

sensitive to changes in the physiological environment.

While previous work focused on the physical interpretation of

the data, the present work provides the experimental details

about different measuring techniques in the nonlinear regime.
2 Materials and methods

Actin was prepared from rabbit skeletal muscle11 and stored in

lyophilized form at �20 �C. For measurements the lyophilized

actin was dissolved in deionized water and dialyzed against

G-Buffer (2 mM Tris, 0.2 mM ATP, 0.2 mM CaCl2, 0.2 mM

DTT and 0.005 % NaN3, pH 8) at 4 �C. The G-actin solutions

were stored at 4 �C and used within seven days of preparation.

The average length of the actin filaments is controlled by adding

gelsolin, which is isolated from bovine plasma serum.12,13 It has

to be considered that the dependence on the gelsolin concentra-

tion given in ref. 12 is just a rough estimate of the effective

filament length.

Samples were prepared by gently mixing deionized water with

gelsolin and G-actin and buffered to 2 mM Tris, 2 mM MgCl2,

0.2 mM CaCl2, 0.2 mM DTT, 100 mM KCl and 0.5 mM ATP.

Approximately 500 mL sample volumes were loaded within 1 min

in the rheometer. During polymerization the complex modulus

was monitored to ensure completed polymerization before
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measurements. Unless mentioned otherwise, we used an actin

concentration of cA ¼ 0.4 mg ml�1, average filament length L ¼
21 mm and measuring temperature T ¼ 21 �C.

The LAOS (Large Amplitude Oscillating Shear) measure-

ments are performed with a commercial rheometer (AR-G2, TA

Instruments, New Castle, USA) with a 40 mm plate–plate

geometry and 300 mm plate separation in strain-controlled mode.

The rheometer provided raw angular displacement and torque

data at a rate of 1000 Hz. These values were converted to strain,

g, and stress, sM, values, respectively, by multiplication by the

standard geometric conversion factors for parallel plate rheo-

meters, Cg and Cs, respectively. To obtain the stress acting on

the sample, sS, the applied stress, sM, had to be corrected for the

instrument inertia, I, according to sS ¼ sM � a€g, where a ¼
ICs/Cg. The second derivative of the strain was calculated by

numerically differentiating the shear rate _g(t), that was first

smoothed using a cubic spline method available in MATLAB.

Values of sample stress calculated in this manner were shown to

be accurate, even at milli-second time scales, by obtaining the

expected Newtonian response with calibration oils. We also

verified that the rheometer’s strain-control feedback loop was

sufficiently accurate to produce strain and strain rate waveforms

that were roughly sinusoidal, even in the nonlinear regime, as

expected for strain-controlled oscillations.

From the raw LAOS data, we analyzed the elastic nature of the

linear and nonlinear responses using a framework of different

moduli proposed previously.14 The dissipative material properties

are effectually described by the loss modulus G00, since G00 is the

only mode of viscous energy dissipation for a single harmonic

input.15 The elasticity is well described by two material para-

meters, the tangent modulus GM and the secant modulus GL. The

former is defined as the slope of the stress–strain relation at zero

strain, GMðg0Þ ¼
ds

dg
jg¼0, the latter as the ratio of stress and strain

at maximum strain g0, GLðg0Þ ¼
s

g
jg¼g0

(Fig. 2a). Comparing the

moduliGM(g0) andGL(g0) gives a relation of the elastic properties

at small and at large strains. Thus, a strain stiffening indexS(g0) is

defined as the ratio of GL and GM, Sðg0Þ ¼
GLðg0Þ
GMðg0Þ

. In the linear

regime, where GL ¼GM ¼G0, S¼ 1. If the network strain stiffens,

S > 1. Otherwise, if S < 1, the network strain softens.

Additional nonlinear probes were performed on an equivalent

stress-controlled rheometer (Physica MCR301, Anton Paar,

Graz, Austria) with 50 mm plate-plate geometry and 160 mm

plate separation. In this case, the nonlinear response was inves-

tigated by a series of short increasing stress pulses of 5 s duration.

In between two pulses, we waited until the network relaxed to at

most 2 % of the deformation of the foregoing stress pulse, but at

least 50 s to ensure that all relaxations had decayed. A comple-

mentary measurement method is a simple shear experiment with

a constant shear rate _g. From that, the differential modulus K(g)

is determined by differentiating the s(g) relation which was first

smoothed using the Smoothing Spline algorithm in IGOR.
3 Results

We first attempted to characterize the non-linear properties

of the network by performing strain-controlled oscillations at
1676 | Soft Matter, 2008, 4, 1675–1680
0.5 Hz, with increasing strain amplitude, g0. The moduli G0 and

G00 provided by the rheometer decrease as g0 increases, indicating

an apparent softening of the network (Fig. 1a). This can be

attributed to two effects: firstly, the software assumes a linear

response and thus reports only the first harmonic of the elastic

response which leads to an incomplete analysis of the data.

Secondly, the solution is too soft to withstand the large

deformations, and quickly a permanent plastic deformation is

introduced to the filament solution.16

To visualize these points we generated Lissajous figures by

plotting the stress sS(t) as a function of the applied strain g(t).

This parametric curve corresponds to an oscillatory shear test at

a particular frequency and amplitude g0. In the linear regime, the

stress response is sinusoidal, and the trajectory should be

a perfect ellipse. The slope of the major axis of the ellipse

corresponds to G0. As illustrated in Fig. 1b this is valid for strains

up to 15%. For larger oscillation amplitudes the Lissajous figures

become more and more distorted such that the stress rate

increases at large strains, indicating a hardening of the entangled

actin solution. This contradiction to the behavior of G0 can be

explained by visualizing the approximation of the software by

reporting only the first harmonic of the elastic response. Fig. 1c

shows the Lissajous curve for a strain amplitude of 40% and an

ideal ellipse fitted to the data which corresponds to the first-order

harmonic used by the rheometer. It can clearly be seen that the

fitted data just hardly approximates the raw data of the instru-

ment. Therefore a softening of the network is reported (Fig. 1a),

although a hardening can be observed in the distortion of the

single Lissajous figure.17

To demonstrate the second point of the permanent plastic

deformation, we report the Lissajous figure for 40% strain

amplitude over time. As illustrated in Fig. 1d, the peak stress of

the Lissajous figure decreases with each oscillation, i.e. the

sample softens during repetitive oscillation to large strain

amplitudes. This softening is irreversible; even after a long

waiting period the network never recovers.

As shown above, the common moduli G0 and G00 are insuffi-

cient to describe the nonlinear regime. A more detailed analysis

of the Lissajous figures is provided by the strain stiffening index

S(g0) respectively (cf. Materials and Methods, Fig. 2a). Fig. 2b

displays the latter as a function of the applied oscillation

amplitude. After the first linear regime, where S¼ 1, this analysis

shows a stiffening for strains larger than gc z 30%, indicated by

a sharp increase in the strain stiffening index.

Although it is possible – using the more accurate analysis of

Lissajous figures – to capture the strain stiffening of the network

quantitatively, there still remains the problem of plastic defor-

mations during oscillations at large amplitudes. We were able to

avoid this problem by using a more delicate step-stressing

protocol to measure the nonlinear response. The creep response

was measured by applying a constant stress and measuring the

strain deformation. The creep compliance of an entangled actin

network Js0
(t) ¼ g(t)/s0 shows three distinct regimes: a fast

elastic response, a viscoelastic transition regime, and a viscous

flow regime. Stress pulses of 5 s used in the measuring protocol

were too short (Fig. 3a) to enter the viscous regime, occurring

after 104 s,5 where all the energy dissipates.

The inverse of the creep compliance at a given time is

a measure for the elasticity of the network. Fig. 3b shows 1/J as
This journal is ª The Royal Society of Chemistry 2008



Fig. 1 LAOS method: (a) Storage modulus G0 as a function of the strain amplitude g0 at a frequency of f ¼ 0.5 Hz calculated by the commercial

rheometer. After a linear regime the network apparently softens at strains larger than z15%. (b) Lissajous figure of the raw data corrected for

instrument inertia. At small amplitudes the stress–strain relation displays a perfect ellipse with constant slope of the major axis. For g $ 15% the

Lissajous figures become distorted, indicating a hardening of the network. (c) Lissajous figure of the raw data for an oscillation amplitude of 40%. The fit

of an ellipse to the data indicates an apparent softening. (d) Lissajous figure of the raw data for an oscillation amplitude of 40% over time showing the

continuous change of the network response due to the large amplitude strains.

Fig. 2 LAOS method: (a) Lissajous figure for an oscillation amplitude of

100% with schematic definitions of the elastic moduli GM and GL. (b)

The elastic strain stiffening index S as a function of the oscillation

amplitude g0.

Fig. 3 s-Pulse protocol: (a) Creep compliance J as a function of time t

during a stress pulse of s ¼ 0.05 Pa. (b) The inverse of the creep

compliance J�1 as a function of the applied stress s evaluated at different

delay times. Inset: All curves can be collapsed onto a single curve,

indicating that no time dependence exists.
a function of the applied stress s determined at different times t0.

There are three different regimes distinguishable: After a linear

stress–strain relation at low forces, where the creep compliance is

approximately constant, the network stiffens above a stress of sc
z 0.07 Pa with 1/J f s0.4 until the network ruptures irreversibly

at 1 Pa. Within the 5 s the time dependence is independent of

the stress applied and all curves can be moved onto a single

master curve (Fig. 3b inset). The stiffening is completely revers-

ible. As long as no rupture has occurred, the series of stress pulses

can be repeated with excellent agreement, indicating that no

permanent reorganization occurs. This is in contrast to the

behavior observed with the LAOS experiment, where presum-

ably the repeatedly applied large strains result in an irreversible
This journal is ª The Royal Society of Chemistry 2008
deformation. Here, only one short pulse is needs to be applied for

each stress level.

Precise non-linear measurements allow us to quantify the

extreme sensitive of the degree of hardening to the temperature,

as shown in Fig. 4a. Plots of the inverse creep compliance for
Soft Matter, 2008, 4, 1675–1680 | 1677



Fig. 4 s-Pulse protocol: (a) Temperature dependence of the nonlinear

behaviour: The inverse of the creep compliance J�1, normalized by

J�1(0.01 Pa), as a function of the applied stress s for various temperatures

T. (b) Apparent power-law exponent x of J�1 f sx versus temperature T.

(c) Frequency dependence in the linear regime for two different temper-

atures, each averaged over 5 different samples. (d) Salt dependence of the

nonlinear behaviour: The inverse of the creep compliance J�1, normalized

by J�1(0.01 Pa), as a function of the applied stress s for various buffer salt

conditions. (e) Storage modulus G0 as a function of time t recorded during

polymerization for high and low salt conditions.

Fig. 5 _g-Pulse protocol: (a) Stress s versus strain g for various shear

rates. (b) Stress s versus strain g, measured multiple times at the same

sample. As long as g < gmax z 100%, no permanent plastic deformations

occur, and the hardening is completely reversible. (c) The differential

modulus K normalized by the linear modulus Klin versus the strain g. (c)

The differential modulus K(70%) normalized by the linear modulus Klin

versus the shear rate _g. The modulus increases approximately linearly

with the applied shear rate. (d) Temperature dependence of the stress-

strain relation for g ¼ 40% s�1.
different temperatures between 18 �C and 27 �C show that with

increasing temperature, the power-law exponent x characterizing

the non-linear stiffening decreases until the hardening vanishes

above temperatures of approximately 23 �C. Considering that

the short non-linear regime makes a precise analysis difficult, the

power-law exponent depends on the temperature roughly

linearly as shown in Fig. 4b. Clearly, the linear response of the

network is not affected by the temperature changes: when

recording the storage modulus during polymerization and

measuring the frequency dependence at low deformations, no

differences are detected (Fig. 4c). The strong dependence of the

network response on the temperature is only observable in the

nonlinear regime.

A similar effect is observed by changing the electrostatic

screening in the solution. Lowering the salt concentration from

100 mM to 10 mM results in a clear softening of the network at

21 �C (Fig. 4d) while the linear response during polymerization

stays constant (Fig. 4e). The hardening can be induced again by

further lowering the temperature to 13 �C (Fig. 4d). Replacing

90 mM KCl by a kosmotropic salt (NaCl) or a chaotropic salt

(CsCl) does not affect the linear nor the nonlinear response of the

network. Thus, shifting the transition temperature by salt

concentration is a purely electrostatic effect and not related to

any ion-specific effects. Under all these conditions the same

linear mechanical responses were observed.
1678 | Soft Matter, 2008, 4, 1675–1680
The time dependence of the nonlinear response of the network

was investigated by the complementary shear experiment

described in the Method section. After a first approximately

linear stress–strain relation, the network hardens above a critical

strain of gc z 20–30% (Fig. 5a). Softening of the networks starts

at a maximal strain of gmax z 100%, discernable in a turning

point in the stress–strain relation. The hardening is completely

reversible as long as g < gmax (Fig. 5b). Thus, no permanent

plastic deformations are induced. Once the strain exceeds gmax,

the network softens irreversibly. To facilitate the comparison

with results of the step-stressing protocol, the differential

modulus K(g) was calculated. This shows qualitatively the same

behavior as 1/J(s) (Fig. 5c): after a constant linear regime, the

network hardens until rupturing occurs. The differential

modulus K normalized by the modulus on the linear regime Klin

increases approximately linearly with increasing _g (Fig. 5d). To

check the equivalence of both methods, we also investigated the

temperature dependence with this measuring protocol. Still the

same quantitative transition was found as for the compliances

described above (Fig. 5e).

In the next series of experiments, the length of the filaments

was varied. By continuously shortening the average filament

length, again a transition between hardening and softening
This journal is ª The Royal Society of Chemistry 2008



Fig. 6 _g-Pulse protocol: The differential modulus K normalized by the

linear modulus Klin versus the strain g for (a) different filament lengths L

and (b) different actin concentrations cA. The hardening can be re-

induced for L ¼ 7 mm (c) and cA ¼ 0.2 mg ml�1 (d) by lowering the

temperature to T ¼ 16 �C.
occured (Fig. 6a). For solutions with filaments shorter than z
7 mm, a softening was observed, while for longer filament

solutions a hardening was found. Interestingly, the transition can

be shifted by lowering the temperature: while z7 mm filament

solutions show a softening at 21 �C, a hardening is observed for

the same solution for 16 �C (Fig. 6c). Again, the linear response is

not affected. Similar behavior is observed by changing the actin

concentration. By varying the filament density, a transition

between hardening and softening is observed (Fig. 6b). Also in

this case, networks showing a softening response at 21 �C show

a hardening response by changing the temperature to 18 �C or

16 �C. (Fig. 6d). This shows the interchangeability of these

parameters and nicely demonstrates the rheological redundancy

principle.
4 Discussion

While the linear response of semiflexible polymer networks is

only weakly dependent on the measurement protocol and

experimental conditions, the nonlinear response is highly

sensitive to both. All the methods described in this work show

qualitatively the same behavior. Measurements in the nonlinear

regime are complicated by plastic deformations and viscous flow.

Due to the softening of the network by oscillating at large strain

amplitudes (Fig. 1d), the LAOS method – even with more

detailed analysis – seems to be less adequate for soft samples.

Other artifacts occur in the so far common prestress experiment

where viscous flow is introduced and the sample rearranges

during one measurement. Hence, also the time dependence is

here hardly accessible: the mechanical response is not only

dependent on the applied frequency, but is also dominated by the

duration of the applied prestress. In the step-stressing protocol

and the constant shear rate experiment these effects of viscous

flow and plastic deformations are reduced, which is discernible in

a completely reversible hardening up to gmax. In the first, the

network is deformed on a short time scale followed by a long

relaxation time. Unlike the LAOS experiment, the network can

completely recover after large deformations, resulting in a clearly

enhanced reproducibilty.
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Due to the strong dependence on experimental conditions, it

turns out that the nonlinear response itself is a very sensitive

indicator for molecular interactions present in the network – with

probably only limited predictiveness on the deformation

behavior dominating the network response. To determine the

latter, combined detailed structural insights and concentration

dependencies of the mechanical response are necessary.18–21

Although the semiflexible nature of the filaments clearly gives

rise to the network response, the nonlinear response is not only

dependent on the single filament stretching behavior, as

suggested in ref. 22, but rather sensitively dependent on struc-

tural details and molecular interactions.19,20 The dependence on

microscopic interactions can easily be incorporated by the

recently introduced glassy-worm-like chain model, where

essentially the relaxation modes longer than a critical length, set

by entanglements, are stretched exponentially in the time

domain.9,10 Crosslinking molecules modulate the response in

a way that the compliance of the crosslinkers influence the linear

response and set the maximal strain of the nonlinear response.

The maximal stress is set by the unbinding of the crosslinkers.

Such enforced unbinding could possibly be the important

missing link in the observed mechanotransduction of cells.23–25

Even the most frugal reconstituted model system exhibits very

rich nonlinear behavior, with a subtle unresolved many-body

problem involved in relating the mechanical properties of

entangled solutions. The mechanical redundancy observed here,

where all system parameters can be interchanged and similar

mechanical behavior can be obtained, is far-reaching: such

a multi-dimensional redundancy is also present for crosslinked

networks. For a-actinin the linear mechanical response was

tunable not only by the crosslinker concentration but also by

temperature variations.26 The nonlinear behavior of bundled

networks can be tuned either by strain rates or crosslinker

concentration27 – and it is conceivable that different mesoscopic

structures result in comparable linear and nonlinear responses.

This variability is possibly an important prerequisite for the often

observed genetic redundancy in living cells.28
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