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Scaling of the Microrheology of Semidilute F-Actin Solutions
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(Received 5 October 1998)

The viscoelasticity of actin networks is probed over an extended range of frequencies us
microrheology techniques, where the thermal motion of small beads in the network is measu
using diffusing-wave spectroscopy. Despite large sample-to-sample variations, the data exhibi
unexpected scaling behavior and can all be collapsed onto a single master curve, indicative
surprising universality in the elastic properties. The scaled data provide a precise measure of the av
behavior of the actin networks and indicate that at high frequenciesv, the shear modulus, increases
asv3y4. [S0031-9007(99)08465-3]

PACS numbers: 87.19.Tt, 61.25.Hq, 83.10.Nn, 83.50.Fc
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Eukaryotic cells owe their mechanical strength main
to the cytoskeleton, an intricate network of filamentou
proteins such as tubulin, vimentin, spectrin, and actin [
Filamentous or F-actin, the most abundant of these
toskeletal proteins, forms by the polymerization of act
monomers in the presence of K1 or Mg21, resulting in
a semiflexible polymer that can be many microns lon
Its persistence length,lp, has been measured to be abo
10 20 mm [2–4], about 3 orders of magnitude large
than the filament diameter,d  7 nm [5]. Because of
this large aspect ratio, actin filaments form semidilute s
lutions at extremely low volume fractionsw , sdylpd2,
with an elastic modulus orders of magnitude larger th
that of flexible polymers at the same volume fraction.
theoretical understanding of this elasticity is still contro
versial; very different results are predicted using effe
tive medium models [6], models based on mechanic
networks [7,8], networks of semiflexible molecules wit
effectively permanent cross-links [9], and models whic
consider the unique properties of networks, at diffe
ent concentrations, of semiflexible polymers [6,10–13
Experimental measures of the modulus also suffer fro
wide variations, with reported values of the frequency d
pendent elastic modulus,G0svd, varying by as much as
2 orders of magnitude for apparently identical sampl
[14]. While the origin of this variation is not fully re-
solved, it is likely a combined effect caused by the vari
tion in the filament length distribution and by the presen
of small quantities of proteins which can act as chemic
cross-links, leading to dramatic, but random, changes
the modulus. A definitive test of the proposed theoretic
models requires a highly purified sample with careful
controlled filament length distribution [15]. However, i
is perhaps even more crucial to develop a better und
standing of the behavior of the actin networks more typ
cally produced, both to better comprehend their propert
and to determine the origin of the variability.

One feature of the elastic response of actin netwo
that should transcend the difficulty in obtaining repro
ducible shear moduli is the behavior at high frequencie
0031-9007y99y82(7)y1606(4)$15.00
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When the wavelength of elastic excitation is shorter tha
the average spacing between entanglements, the modu
should be sensitive only to properties of the actin fila
ments themselves. However, even here, there are comp
ing predictions; simple considerations for the dispersio
of bending modes of rigid rods suggest that the comple
shear modulus should scale asGpsvd , v3y4 [12,13,16],
while other considerations of the longitudinal relaxatio
of a single filament suggest a contribution with a mor
rapid variation,Gpsvd , v7y8 [17]. Unfortunately, how-
ever, the frequencies at which this behavior should b
observed are somewhat beyond those accessible with
ditional mechanical rheometers. Instead, the high fr
quency behavior is probed using what has come to
called microrheology; a small probe particle is embedde
in the gel, and its frequency dependent response is det
mined either by forcing its motion with magnetic beads i
an applied field [16,18,19] or by monitoring its thermally
induced motion [20–22]. If the particle is large com
pared to the average mesh size,lm, its response should
reflect the average rheological properties of the surroun
ing medium. However, results reported to date rarely r
veal a low-frequency plateau modulus indicative of a sol
network and do not all exhibit power-law behavior ove
extended ranges, making it difficult to unambiguously te
the predicted high-frequency behavior.

In this Letter, we present the results of a study of th
rheological properties of F-actin networks using diffusing
wave spectroscopy (DWS) to measure the mean square
placement of probe particles in the actin network, and i
frequency-dependent linear viscoelastic moduli. The u
of DWS allows us to probe an extended range of freque
cies,1022 # v # 106 Hz, in a single experiment, while
ensemble averaging over a large number of independ
tracer particles. We show that the data exhibit a heret
fore unobserved scaling behavior; despite large variatio
from sample to sample, all the data for the complex mod
lus can be scaled onto a single master curve. This scal
demonstrates that, despite the wide variation in propertie
a single parameter controls the rheology of the network
© 1999 The American Physical Society
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particularly at the crossover from network-dominated t
single-chain-dominated behavior. The scaled data a
provide a convincing measure of the extended frequenc
dependent behavior; we find that the dominant scalin
of the modulus isGpsvd , v3y4 over three decades in
frequency.

Actin was purified from rabbit muscle [23] and stored
in G-buffer [2 mM Tris-Cl, 0.2 mM ATP, 0.5 mM dithio-
threitol, 0.1 mM CaCl2] at 280 ±C. The concentration of
actin,c, was determined by UV–visible spectroscopy an
by a Bradford assay [24]. Samples for DWS were pr
pared by thawing frozen aliquots of actin at 37±C; phal-
loidin was added to a concentration of1.2c to stabilize
actin filaments against depolymerization; fluorescence m
croscopy suggests that the resultant filaments were ab
10 mm long. Surface-modified polystyrene latex particle
were added to a volume fraction of 1% to serve a
probe particles for DWS. Polymerization of actin wa
induced by adding MgCl2 to a concentration of 75 mM.
Prior to measurements, samples were incubated at 4±C
for 6 hours. Transmission electron micrographs show
no apparent bead aggregation or structural change of
actin network due to the presence of the tracer particle
Diffusing-wave spectroscopy [25,26] was performed i
the transmission geometry using samples in flat cells a fe
millimeters thick, and illuminated with an etalon-equippe
Ar1 laser at a wavelengthl  514.5 nm. Mean-square
displacementskDr2stdl of tracer particles were calculated
by numerically inverting the measured intensity autoco
relation function using a transport mean free path,lp,
determined by measuring the transmitted light intensi
relative to that of a sample of knownlp.

Typical mean-square displacements for a sample w
c . 1.5 mgym, are shown in Fig. 1; these data illustrat
the high resolution of DWS, which is greater than sing
particle tracking [21,22]. At short timeskDr2stdl does
not increase linearly in time as expected for diffusio

FIG. 1. Mean-square displacementkDr2stdl of polystyrene la-
tex beads in1.5 mgym, phalloidin-stabilized F-actin measured
with diffusing-wave spectroscopy; symbols denote differe
bead sizes.
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in a purely viscous medium but instead increases su
diffusively, with a power law,kDr2stdl , tg . The value
of g is typically 3y4 but exhibits some variation from
sample to sample. Furthermore, there is a rather bro
crossover to a plateau at longer times wherekDr2stdl is
only very weakly dependent on time. The plateau in th
mean-square displacement at long times,kDr2lp , provides
a direct measure of the low-frequency elastic mod
lus of the networkG0 . kBTyspakDr2lpd, wherea is the
particle diameter. More generally, the time evolution o
kDr2stdl provides a measure of the frequency depende
linear viscoelastic modulus of the network [20]. Th
magnitude of the complex modulus is given byGssd 
kBTyspaskgDr2ssdld, where the tilde denotes the Laplac
transform, ands is the Laplace frequency [20].

For a given dc modulusG0, the maximum mean-
square displacement,kDr2lp, of a bead should scale
as 1ya, provided the bead is much larger thanlm;
unfortunately, however, we do not observe this simp
scaling, even for samples prepared with the same ac
concentration. Instead, we find a very wide sample-t
sample variation. Although samples prepared on the sa
day and at the same concentration exhibit reproducib
behavior, samples prepared from different actin stoc
have drastically different behavior. The magnitude of th
low frequency modulus varies from sample to samp
lying between 0.1 and 10 Pa; for some samples, t
plateau behavior is not visible at all. Similarly, the
value of the crossover frequency varies widely from
sample to sample. Furthermore, even the apparent sl
of the power-law increase at higher frequencies exhib
some variation, as does the absolute magnitude ofGssd.
However, despite their differences, all the data do ha
some features in common. Most notably, the frequen
range of the crossover is, in all cases, very broad; ev
when a plateau is not observed, there is still clearly t
onset of a broad crossover.

To search for features in these data that are univer
and transcend the large variations, we normalize t
magnitude of the modulus by the plateau value,G0, and
the frequency by the characteristic crossover frequen
v0. As shown in Fig. 2, this normalization reveals
remarkable scaling, with all the data falling together on
a single master curve, despite the very large variatio
from sample to sample. While there is some deviatio
at the highest and lowest frequency ranges observed,
scaling is remarkably good, particularly around the ve
broad crossover frequencies. This scaling indicates t
the existence of the crossover and the very broad ran
of frequencies over which it occurs are robust feature
universal to all actin networks.

The scaled data also provide an excellent measure
the magnitude ofGssd, as they are averaged over man
samples; thus the full complex modulus,Gpsvd, can be
determined accurately. We do this by fitting the average
Gssd to a functional form and then making the substitutio
s  iv and determining the real and imaginary par
1607
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FIG. 2. Gssd scaled with its low-frequency valueG0 as
a function of the normalized frequencysyv0. Symbols
correspond to actin monomer concentrations between 1 a
2 mgym, and bead diameters between 0.52 and3 mm. The
solid line is a fit of the ansatzGssdyG0  1 1 c1ssyv0d1y3 1
c2ssyv0d3y4 to the averaged data; best-fit parameters arec1 
0.5 andc2  1.0.

[20]. We fit the data to an ansatz:GssdyG0  1 1

c1ssyv0d1y3 1 c2ssyv0d3y4. The addition of the second
term, proportional tossyv0d1y3, is purely empirical but is
necessary to properly account for the very broad crossov
Addition of this term provides an excellent fit to the data
as shown by the solid line in Fig. 2, which is obtaine
usingc1  0.5 andc2  1. The resultant values ofG0svd
and G00svd are shown in Fig. 3. At low frequencies
below v0, the storage modulus dominates and attains
plateau independent of frequency reflecting the solidli
behavior of the network resulting from the resistance of t
configuration of entanglements to mechanical deformati
[9,12]. At high frequencies102 v0 # v # 104 v0, both
G0svd and G00svd scale asv3y4; here the loss modulus
dominates over the storage modulus, in agreement w

FIG. 3. Storage modulusG0svd sdd and loss modulusG00svd
sjd calculated from the light scattering data. The crossov
region is broadened by a term scaling asv1y3.
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theoretical predictions based on the bending dynamics
individual filaments. The crossover reflects the chan
in the excitations of the network; at low frequencies, th
full network responds to the motion of the bead, while
high frequencies the wavelength of any excitation is shor
than the average entanglement of the filaments, andGpsvd
reflects directly the single filament response. Final
the data clearly show that the high-frequency behavior
dominated by an exponent of3y4 that extends over nearly
three decades ofv. We note, however, that for a few
samples the exponent varies, with values ranging from
to 0.9. In addition, at the highest frequencies we expec
to approach 1, reflecting the contribution of the viscosi
of the water; however, this is never observed in our dat

Further insight comes from the scaling factors requir
to superimpose the data, and in Fig. 4 we plot the variat
of the values ofv0 with G0. Values for different actin
concentrations are indicated by different symbols; the
is considerable variation for data with the same nomin
concentration, with bothv0 and G0 varying by as much
as a decade. Moreover, there is no apparent trend in
scaling parameters as the concentration is varied. T
suggests that the apparent concentration of actin monom
does not determine the ultimate behavior of the netwo
Nevertheless, the scaling parameters do exhibit a cl
correlation; although not perfect, it is best described a
linear relationship betweenv0 andG0, shown as the solid
line in Fig. 4.

To account for this correlation, at least qualitativel
we consider a very simple model for the modulus; we a
sume that it is made up of two components. The fir
is frequency independent and reflects the contribution
the purely elastic response of the network,G1svd , ca ;
the second is frequency dependent and reflects the c
tribution of the individual filaments at high frequencies
G2svd , cb v3y4. The value of the exponenta for the

FIG. 4. Measured values of the crossover frequencyv0 as a
function of the plateau modulusG0; actin monomer concen-
trations are0.5 mgym, sdd, 1.0 mgym, sjd, 1.2 mgym, smd,
1.5 mgym, s.d, and2.0 mgym, s>d. The dashed line with a
slope of 0.73 corresponds to the prediction for a strongly cro
linked network, while the solid line is a slope of 1.
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concentration dependence ofG1 varies depending on both
the existence of cross-links and the effects of the di
tribution of filament lengths. By contrast,G2 depends
on the properties of the individual filaments; while we
expect its magnitude to reflect the number of filamen
and hence depend linearly onc [12], with b we allow
for a more general dependence. Because of the sam
to-sample variability, we assume thatc is not well de-
termined. However, since the two components must
equal atv  v0, we can eliminatec to obtainv0 , Gz

0 ,
wherez  4sa 2 bdy3a.

The experimentally observed correlation implies tha
a . 4b, a rather large value ifb  1. If there are no
cross-links, we expect the dc modulus to scale asG1svd ,
ca with a  1.4. Such behavior has in fact been observe
for very carefully purified actin [15]. However, with
b  1, this yields a correlation exponent ofz  0.38,
which is well outside the uncertainty of our data. B
contrast, if cross-links control the modulus, we expe
a  2.2 [9]; with b  1, this leads to a correlation
exponent ofz  0.73, shown as the dashed line in Fig. 4
While this value is less than optimal, the experiment
uncertainty is sufficiently large that we cannot exclude
However, the effect of cross-links will be most dramati
when only a very small number are added to an otherwi
cross-link-free network; just two cross-links per filamen
will pin that filament in its tube, preventing relaxation
of longitudinal fluctuations, significantly increasing the
macroscopic modulus [12]. While we can not predic
a value fora in this case, we would expect a stronge
increase ofG0 with c, leading to a value ofz closer to
unity. Thus, we speculate that the origin of the larg
variability in the modulus results from a small but random
number of cross-links. The distribution of filament length
may also play a role; shorter filaments will modify the
effects of the cross-links, again resulting in a strong
variation of the modulus. This would account for th
apparent insensitivity ofG0 on concentration for our actin
preparations. Similar effects are implicated in the va
differences between the values ofG0 reported by different
laboratories for nominally the same actin preparation a
concentration [14].

Our data do not address the critical issue of th
applicability of microrheology methods in determining
elastic moduli that correspond to those measured w
bulk methods [12,27]. Detailed tests of this require muc
greater sample-to-sample reproducibility. Nevertheles
the scaling behavior reported here does help identify t
essential features of the rheology of actin networks th
are universal to all conditions and does help determi
the origin of the irreproducibility that commonly plagues
rheological measurements of actin networks.
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