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Compliance of actin filament networks
measured by particle-tracking microrheology
and diffusing wave spectroscopy

Abstract We monitor the time-de- «=0.78+0.05, which reflects the fi-
pendent shear compliance of a solunite rigidity of actin. At long times,
tion of semi-flexible polymers, the MSD reaches a plateau, with a
using diffusing wave spectroscopy magnitude that decreases with con-
(DWS) and video-enhanced single- centration. The creep compliance is
particle-tracking (SPT) microrheol- shown to be a weak function of

ogy. These two techniques use the polymer concentration and scales as
small thermally excited motion of ~ J,occ™?*%2 This exponent is cor-
probing microspheres to interrogate rectly described by a recent model
the local properties of polymer solu-describing the viscoelasticity of
tions. The solutions consist of net- semi-flexible polymer solutions. The
works of actin filaments which are  DWS and video-enhanced SPT mea-
long semi-flexible polymers. We es- surements of the compliance plateau
tablish a relationship between the agree quantitatively with compliance
mean square displacement (MSD) ofmeasured independently using clas-
microspheres imbedded in the solu-sical mechanical rheometry for a
tion and the time-dependent creep viscous oil and for a solution of
compliance of the solution, flexible polymers. This paper ex-

(Ar?(t)) = (kg T/ma) J(t). Here,J(t) is  tends the use of DWS and single-
the creep compliancéAr (1)) is the particle-tracking to probe the local
mean-square displacement, eam@és  mechanical properties of polymer
the radius of the microsphere networks, shows for the first time
chosen to be larger than the mesh the proportionality between mean
size of the polymer network. DWS square displacement and local creep
allows us to measure mean square compliance, and therefore presents a
displacements with microsecond  new, direct way to extract the visco-
temporal resolution and gstran elastic properties of polymer sys-
spatial resolution. At short times, tems and complex fluids.

the mean square displacement of a
0.96um diameter sphere in a con-
centrated actin solution displays
sub-diffusion.(Ar %(t)) oct®, with a
characteristic exponent

Key words Actin — rheology —
diffusing wave spectroscopy
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Introduction In order to probe the dynamics of actin motion in
concentrated solutions, we use two complementary
The rheology of semi-flexible polymers is more comapproaches: mechanical rheometry and particle-tracking
plex than that of flexible and rigid polymers (de Genmicrorheometry. Particle-tracking microrheology, which
nes, 1979; Doi and Edwards, 1989; Ferry, 1980). Tlvolves either diffusing wave spectroscopy (Mason et
description of semi-dilute and concentrated solutions af, 1997b; Mason and Weitz , 1995; Palmer et al.,
semi-flexible polymers is greatly complicated by th&998) or single particle-tracking microrheology (Gittes
presence of an additional intermediate lenght scale, oet-al., 1997; Mason et al.,, 1997a,b; Schnurr et al,,
side the monomer size and the polymer contour leng®97), is based on the high-resolution measurement of
the persistence length. If the persistence lenght, whittte mean square displacement (MSD) of microspheres
describes the finite rigidity of a polymer, is of the ordeimbedded in the polymer solution to be probed. DWS,
of magnitude of the contour length and much larger as developed by Mason and Pine (Mason and Weitz,
than the diameter, the polymer is semi-flexible (Doi ant995) spectroscopically monitors the thermally excited
Edwards, 1989). motion of many spheres mixed with the polymer solu-
Filamentous actin (F-actin), the polymerized form dfon; particle-tracking microrheology as developed by
the globular four-lobed protein actin (G-actin), form&uo, Wirtz, and coworkers (Mason et al., 1997 a,b; Pal-
long semi-flexible polymers with a diametei=7 nm mer et al., 1998) monitors the two-dimensional motion
(Alberts et al., 1994). The persistence length of F-actiof, a single microsphere in théemporaldomain. Thus
l,, has been measured using different techniques, far, different analytical schemes have been used to ex-
cluding dynamic light scattering, video-microscopy, aniact the elastic and loss moduli of the solution (Mason
electron microscopy (Gittes et al., 1993; Isambert et att al., 1997b; Mason and Weitz, 1995; Schnurr et al.,
1995; Muller et al., 1991). Most of these approachd$97). These schemes involve multiple transformation
have confirmed that F-actin is a semi-flexible polymesteps of the real space measurements of the MSD or the
i.e. d<lpsL. Furthermore, the rigidity and contourspectrum of the MSD, to the Laplace space calculation
length of F-actin can be finely controlled by regulatingf a viscoelastic modulus, to the use of Kramers-Kronig
proteins, such as-actinin (crosslinking proteins), gel-relations, and finally via complex transformation to the
solin (capping and severing proteins), and actophoefastic and loss moduli. Typically, these multiple-step
(severing proteins) (Alberts et al., 1994; Isambert et abgchemes, while powerful in generating linear viscoelas-
1995). The relatively good control of the intrinsic proptic moduli, truncate several temporal decades at small
erties of F-actin makes it an ideal polymer to investand large time scales. This paper proposes a much more
gate the linear viscoelasticity of concentrated solutiodgrect interpretation of MSD measurements: we show
of semi-flexible polymers. that the measured MSD is simply proportional to the
Due to its importance in providing non-muscle cellime-dependent shear creep compliance, which contains
with structural rigidity, the rheology of actin has been great deal of the interesting rheological information.
studied extensively (Alberts et al., 1994). However, un- In order to demonstrate the effectiveness of our
til recently, these rheological studies have primarigpproach, we independently measure the creep compli-
focused on the magnitude of the plateau modulus thatce J(t) of actin solutions using particle-tracking mi-
actin solutions display at small frequencies (Haskell etorheometry and mechanical rheometry. We observe
al., 1994; Janmey et al., 1988, 1990, 1994; Sato et a&ixcellent agreement between these independent mea-
1987; Tempel et al., 1996; Wachsstock et al., 199%urements. As a further control, we measure the creep
Wachsstock et al., 1994; Xu et al., 1998c; Zaner agdmpliance of a viscous oil and of a semi-dilute solu-
Hartwig, 1988). The magnitude of this plateau modulu®n of flexible polymers, polyethylene oxide in water,
and, therefore, the nature of the viscoelastic properti&sd obtain excellent agreement.
of actin solutions, has, however been the subject of Particle-tracking measurements by DWS offer a
much debate. This debate has been recently resolveduych extended temporal range especially at short time
Xu et al. (1998a), who unambiguously showed thatales, smaller than 10s, which cannot be probed by
careless preparation and storage of actin can dramatechanical rheometry in one measurement. At these
cally increase the small-frequency elastic modulus short times, we find thal(t) increases with an effective
the solution. We also recently showed how smagdower law of time, J(t)oct® with «=0.78+0.05, in
amounts of crosslinking proteins can greatly increaagreement with a recent model by Morse (Morse,
the elastic modulus, especially at large strains (Palm&97), which predictsa=3/4. This exponent reflects
et al., 1998). Both papers showed the absolute necestigy finite rigidity of F-actin and the resulting liquid-like
of using fresh, non-frozen actin, uncontaminated tyehavior of the F-actin networks at short times. We also
crosslinking proteins. In this paper, we use recent afihd that the short-time compliance scales with the in-
vances in actin preparation, which eliminate crosslinkerse of the square root of actin concentratibi,c->°
ing and capping proteins. for t<10°s. At times between I8 and 10s as
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probed by video-enhanced SPT and mechanical rheoroptical probes. The light multiply-scattered from the so-
try, J(t) reaches a “plateauJ,, which corresponds to alution is collected by two photomultiplier tubes (PMT)
slowed increase of the creep at long times. For those ina a single-mode optical fiber with a collimator lens of
termediate time scales, the creep has a concentrationyd®y narrow angle of acceptance at its front end and a
pendent magnitude which scales algocc‘ﬁ with beamsplitter at its back end. The outputs of the PMTs
f=1.3+0.2. Here again, this exponent is in qualitativere directed to a correlator working in the pseudo cross-
agreement with Morse’s model (Morse, 1997), whictorrelation mode to generate the autocorrelation func-
describes the long-time scale viscoelasticity of solutiotien g,(t)-1 from which quiescent rheological proper-
of semi-flexible polymers. Morse's model is based oties of the actin solutions can be calculated (Palmer et
the reptation model of de Gennes (de Gennes, 1979) 1998).

and Doi and Edwards (Doi and Edwards, 1989), which Actin is polymerized in situ for 12—-14 h before mea-
assumes that the shear stress relaxes when polynserement by loading the scattering cell with a solution
can escape the tube inside which each polymer is cafi-monomeric actin mixed with the polymerizing salt
fined by surrounding polymers. Morse’s model predictolution and a dilute suspension of monodisperse latex
f=1.4, as opposed t¢=2.2 for solutions of flexible microspheres (Duke Scientific Corp.) of diameter
polymers, and assumes that the elasticity of a semi-flé96um at a volume fraction of 0.01. The scattering
ible polymer network results from the forces preventinggll is then immediately capped tightly. We verified by
transverse distortion of the polymer tube conformatidoth time-resolved static light scattering and time-re-
(Morse, 1997). solved mechanical rheology that G-actin was fully poly-
merized into F-actin at all concentrations presented in
this paper before 12 h. Using static light scattering, we
verified that more than 95% of the scattering intensity

Experimental techniques in the transmission geometry was due to the micro-
spheres, less than 5% due to the actin filament network
Actin preparation itself. We also verified using mechanical rheology that

the added latex beads did not affect the rheology of
Actin is extracted from rabbit skeletal muscle acetom®lymerized actin, representing less than 5-7% of the
powder by the method of Spudich and Watt (Spudighagnitude ofG'(w) and G’(w) at all actin concentra-
and Watt, 1971). The resulting actin is gel filtered otions used in this paper. All DWS measurements are
Sephacryl S-300 HR instead of Sephadex G-150 (Mamnducted at a temperature Bf 23°C.
Lean-Fletcher and Pollard, 1980). The purified actin is In addition to DWS, we conduct video-enhanced sin-
stored as Cd-actin in continuous dialysis at °€ gle-particletracking (SPT) microrheology measure-
against daily changed buffer G (0.2 mM ATP, 0.5 mNhnents. Briefly (Mason et al., 1997a), an extremely
DTT, 0.1 mM CaC}, 1 mM NaAzide, and 2 mM Tris- dilute suspension of 0.98m diameter microspheres is
Cl, pH 8.0). The final actin concentration is determineahixed with an unpolymerized G-actin solution. Poly-
by ultra-violet absorbance at 290 nm, using an extingierizing salt is added, which promotes the self-assem-
tion coefficient of 2.6610° M~*crm™, and a cell path bly of G-actin into long semi-flexible F-actin polymers.
length of 1 cm. C&" and Md* actin filaments are gen- After approximately 10 h of curing, an elastic F-actin
erated by adding 0.1 volume of 2RMC (500 mM network forms. The position of a single bead is tracked
KCI, 10 mM MgCl, 1 mM CaC}, 20 mM Tris-Cl, pH with 5-10 nm resolution by monitoring the center-of-
8) and 10-x KME (500 mM KCI, 10 mM MgG| mass displacements of the two-dimensional light inten-
10 mM EGTA, 100 mM imidazole, pH 7.0) polymeriz-sity of the Airy figure of the microsphere. The rate of
ing salt buffer solution to 0.9 volume of G-actin in bufdata acquisition for video-enhanced SPT is slightly
fer G, respectively. The actin used for all experimengsnaller than the video rate of image acquisition. There-
comes from the last fraction of the actin peak obtainédre, the maximum frequency of viscoelastic moduli
by one gel filtration. which can be probed by that technique is about 5 Hz.

For each system, we monitor between 15 and 30 micro-

spheres, we conduct five independent measurements on

Diffusing wave spectroscopy (DWS) each bead, and on three different samples of actin at
and video-enhanced single-particle-tracking rheology each actin concentration. Further details about our
(SPT) video-microscopy based, single particle-tracking micro-

rheometer (SPT) are given in Mason et al. 1997 a).
The beam from an AFrion laser operating in the single- Advantages of particle-tracking microrheometry
line-frequency mode at a wavelength of 514 nm is fdPWS and video-enhanced SPT) include the possibly to
cused and incident upon a flat scattering cell whigjenerate viscoelastic moduli without subjecting the
contains the polymerized actin solution and sphericgdecimen to shear, which can induce bundling of the
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polymers. Video-enhanced SPT also allows to extrdakation modulusG,(t), G(s) = sG,(s), to the Laplace
viscoelastic moduli that are anisotropic and require ettansform of the mean-square displacement?(z)).
tremely small sample volumes 20pul, as opposed to While Eqg. (1) is model-dependent, it is interesting to
~1 ml for a regular rheometer and for the DWS instruzote that it yields the correct results for the extreme
ment. Furthermore, video-enhanced SPT is relativadgses of a purely viscous liquid and a purely elastic
simple to implement. Note, however, that DWS genesolid. For a viscous liquid, (Ai?(s)) = 6D/s?
ates viscoelastic moduli over an extremely large rangeksT /nnas’* and G(s) = ns, wheren is the constant
of frequencies, 2 to 5 decades wider than probed Wigcosity of the liquid; thereforeG'(w)=0 and
classical rheometry and video-enhanced SPT. G"(w) =nw. Instead, for an elastic solid,

(47*(s)) = r2 and G(s) = G, = kT /nar?, whereG, is

the elastic modulus; thereforeG'(w) =G, and
Mechanical rheometry G"(w) = o.

Now, we relate the creep compliance to the visco-

In order to compare our optical measurements withastic modulus. The shear stress and shear strain are re-
classical mechanical measurements, we employ a strésted to one another as
controlled mechanical rheometer (Rheometrics and .
Haake) equipped with a 40 or 50 mm diameter cone N
and plate geometry and a strain-controlled rheometer?(t) = _/Gr(’_ O)p(t)dt (2)
(Rheometrics) with rapid control of the stress. To pre- o
vent possible evaporation effects, the cone and plate p

tools are enclosed in a custom-made vapor trap and NN
sealed at the edges with an hydrophobic oil. The tem-7(1) = [ J(t = 1)&(¢)dr (3)
perature of the sample is fixed 8=23°C to within 0

0.1°C. The G-actin solution is placed between the cong, . a; — dt/dr andy = dy/dr are the rates of change
and plate tools and allowed to polymerize in the pregs e shear stress and shear straip(f) is the linear
ence of polymerizing salt for 12-14 h, prior to the meyesq relaxation modulus, anki7) is the linear creep

surements. The linear and nonlinear viscoelastic propgg: i ; ;
ties of actin solutions, PEO solutions, are also found Eémpllance. Physically, (1) is the stress generated by

. .~ a step strainy = y H(¢), where H(¢) is a Heaviside
ts)ghgpea'lsﬁected by the presence of the probing miCiiciion and.J(r) is the strain resulting from a step of

stresst = 7,H (¢). For instance, for an elastic solid
1
G ()=G, and J(t)=— (4)
Theory G,
For a purely viscous fluid of viscosity,

Derivation and interpretation of the relation p;
between mean-square displacement G,(t) =no(t) and J(t)=-H(1) (5)
and creep complicance n

Unilateral Laplace transformation of Egs. (2) and (3)
In this section, we establish a relationship between thelds simple relationships between the transfortfs,
mean square displacement of a microsphere imbeddgd), andj(s):
in a viscoelastic fluid and the shear creep compliance o

that fluid. The local viscoelastic modulus of a fluid and 7(s) = sG,(s)7(s) = G(s)7(s) (6)
the mean square displacement of a microsphere sus- .
pended in that fluid can be relateda (Mason and 7(s) = sJ(5)7(s) - (7)
Weitz, 1995) Hence
=~ s 6kpT kgT -~
= | ~N— J(5)G(s) =1, 8
G(s) 6na l:S2<A72(S)> ] ras(AP2(s)) ’ $7(5)Gs) ®)

(1) which establishes a relation between the Laplace trans-
forms of the creep compliance and of the stress relaxa-

Here, kp is Boltzmann's constant’ is the temperaturetion modulus. Since sG(s)(A#*(s)) = kpT /na (See
of the sampleq is the radius of the microsphere, is Eq. (1)), we can directly relateAi*(s)) to J(s) as
its mass,s is the Laplace frequency, and represents knT -
the unilateral Laplace transformation defined as (A#(s5)) = LJ(S)
X(s) = L[X(1)] = [ X(t) exp(—st)dr. Equation (1) na
relates the unilateral Laplace transform of the stress oe-
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A2 _ ksT damental relationship between mean square displace-
(Ar(n)) = J(1) (9) ment as measured by DWS and SPT and compliance as

a
. . , . ) measured by mechanical rheometry.
using J(o) = o for a viscoelastic fluid. This last equa-

tion is the central relationship of this paper, which we

test experimentally by measuring “independently\ys and video-enhanced SPT measurements
(Ar(1)) and J(r) by particle-tracking and by mechani¢ mean-square displacement
cal rheometry, respectively. Equation (9) neglects iner-
tial effsects, which becc_)me |mport§mt at times scalg$,e mean-square displacement of a microsphere im-
1 <10™s. But here again, Eq. (9) yields the correct rgseqged in a polymer solution can be measured in two
sults for the extreme cases of a purely viscous Zflwd alfays. The mean square displacement is either measured
a purely elastic solid. For a viscous liquidAr~(7)) girectly from the two-dimensional trajectories of a sin-
= 0DtH (1) = (kpTmna)tH (1) and J(1) = (¢/n)H(1), gle microsphere or indirectly from the autocorrelation
Whjfh ver2|f|es Eq.(5). For an elastic s?“d'function of the light multiply scattered by an ensemble
(AF*(s)) = ry andJ (1) = 1/G,, whereG, = kzT /mar;, of microspheres. The former approach involves the use
which verifies Eq. (4). . of a two-dimensional single-particletracking technique
This simple relation between mean-square displagfrason et al., 1997b; Palmer et al., 1998). The latter
ment and the creep compliance can be further intgfynroach involves the use of diffusing wave spectro-
_preted as foIIows._ A_mlcros_,phere of radiusmbedded scopy (Mason et al., 1997b; Mason and Weitz, 1995;
in a complex fluid is subject to an average thermalymer et al., 1998). This paper presents mean square
Brownian force of amplitudekz7/a. The resulting gisplacement measurements using the two techniques.
stress on the surrounding fluid is proportional tpowever, DWS has a bandwidth superior to video-
kgT/a3. The strain is therefore proportional to thenhanced particle-tracking. Here, we present video-
creep. Since the strain is the d|v2ergenc2e of the displag@hanced particle-tracking measurements to demonstrate
ment, it is proportional to(Ar*(r))/a”. Therefore, that a cheaper microscope can provide for a relatively
(Ar<(1))Ja o< J(1)kpT | . _ , antitative measurement of the creep at small frequen-
Equation (8) can also be projected into the temporg] s. For both techniques, we use 086 diameter mi-

domain: crospheres, which are mixed with the G-actin solution
t i at small volume fractions. Salt, which promotes G-actin
a . N self-assembly, is added to the mixture and mean square
J(0)G: (1) +/dﬂ(l £)GA1)dr = H{(1) (10) displacements are collected after 12-14 h, the time it
0 takes for the elasticity of the F-actin network to reach a
Using J(o0) = o, this last relation can be rewritten as gteady state, as verified by mechanical rheometry.
\olterra equation Selection of a probing microsphere follows strict

criteria. The microsphere cannot be smaller than the
mesh size of the actin network because the relationship
/J(l— )G ({)dl' = tH (1) (I1)  petween the local displacements of a microsphere in a
fluid as described by Eg. (1) and the macroscopic visco-
elasticity of that fluid is valid as long as the size of the
bead is much larger than the mesh size of the network.
§his is because the Langevin equation describing the
Cf{ermally-excited motion of the bead and underlying
Eqg. (1) is valid in the continuous limit for which the
network-generating viscoelasticity forms a continuum
for the motion of the bead. Also, the hydrodynamic in-
Results and discussion teractions which scales as' ought to encompass a
sufficiently large number of entanglements, which is the
We present measurements of the shear compliancecaée when the network is tight or when the bead is
actin filament networks obtained by single particldarge. The bead cannot be too large, however. If the
tracking (SPT), diffusing wave spectroscopy (DWShead is much larger than the mesh, it sediments, its mo-
and mechanical rheometry. These measurements achi@we is anisotropic and is governed by the macroscopic
three objectives: to gain a new insight into the fast dyiscosity of the suspending fluid. Also, the bead cannot
namics of motion of individual filaments at short timeshind chemically to the polymer network because its
which is dominated by bending fluctuations, to furthdong-time, large-length-scale displacements would be ar-
test Morse’s model of rheology of concentrated soldificially hindered, which could generate spurious re-
tions of semi-flexible polymers, and to establish a fursults in the calculation of the creep compliance and the

t

o

Since J(¢) is proportional to(Ar*(¢)), one could use
this last integral relation to numerically extract th
stress relaxation modulus from optically measured m
square displacements.
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The exponenty reflects the finite, local rigidity of
actin filaments. A recent model by Morse (1997)
predicts that the viscoelastic modulus of a solution of
semi-flexible polymer displays a power law behavior at
1 high-frequencies ak7*(w)| o< w3/4 which, according to
E Eq. (1), predictsae = 3/4, in excellent agreement with
] our high resolution MSD. Also, an exponeat= 1/2
1 is predicted by the Rouse model in the case of a
] flexible-polymer network for which hydrodynamic
interactions are ignored (Doi and Edwards, 1989),
which further confirms our interpretation af. This
] exponent can also be interpreted as the phase shift
3  between loss and storage moduli at high frequencies. In
E - 1 the power law regime at large frequencies or small time
1078 D v it vt st v i i vt ] SCalES, if GF(0) x (iw)”, then G"/G’' = tan(na/2).

10”7 105 103 101 10! 103 Forinstance, if the fluid surrounding the microsphere is
£ (s) purely viscous, G' =0 and «a =1, if the fluid is

purely elastic, G” =0 and « = o. Therefore,a also
Fig. 1 Mean square displacements of 0.966 diameter latex micro- reflects the viscoelastic nature of the fluid at high
spheres imbedded in F-actin solutions of increasing concentrationg@squencies, determining if dissipation or elasticity

measured by diffusing wave spectroscopy. Even at the shortest ti - : :
scales, the motion of the microspheres is sub-diffusie? (7)) o ¢ d6minates at short time scales. Since the power law

. )
with a <1 because the microspheres’ motion is elastically hindered Bghavior (Ar=(z)) o /4 extends over more than two
the dense actin network, which has a mesh size smaller than the bdetades, the viscoelastic modulus has a power law

size. The exponent is «=0.78+0.05, and is independent of actirpehavior over an extended frequency range as
concentration G*(w)  (iw)*/1. As a result, the loss modulus dom-
inates the storage modulus for a solution of semi-
flexible polymers at large frequencies, which has been
viscoelastic moduli. Using analytical centrifugation anderified recently by two research groups (Gittes et al.,
gel electrophoresis, we checked that latex beads a897; Palmer et al., 1998).
actin do not bind to one another. Finally, in the case of The concentration dependence of the mean-square
DWS, the concentration of microspheres should lfisplacement allows to gain insight into the nature of
large enough to allow for the limit of multiple scatterthe interactions between the probing bead and the
ing to be reached, but not too large since hydrodynanmiolymer network at short times. If we rescale the short-
interactions between probing microspheres can catigee displacement at different actin concentrations by
biased motion, which is not taken into account ife/24uM)Y2 choosing the 24M solution as standard,
Eq. (). the mean-square displacements at other concentrations
Figure 1 displays the mean square displacementaferlap for the entire concentration range, i.e. both for
0.96um diameter microspheres measured by diffusinge isotropic phase and the anisotropic phase (see
wave spectroscopy. Over the limited range of timEig. 2). Therefore, at short time scales, the mean square
scales probed by video-enhanced SPT, we observelisplacement scales as
fair agreement between the two particle-tracking mea-
surements. We measure mean square displacementi;?(r)) o Vo<, (14)
over an extended range of actin concentrations. For all
actin concentrations tested, the mean square displagith actin concentration. This result is unexpected since
ment undergoes a sequence of dynamical transitiainge would anticipate the viscoelastic modulus to be lin-
which are directly related to the short-time and longarly dependent on concentration at large frequencies,
time dynamics of the actin filaments surrounding ther equivalently(Ar?(z)) oc ¢~
probing microsphere. At short times and over more A possible explanation for this scaling law, given by
than two temporal decades, until a crossover titmthe Maggs (1997), is that the displacement of the micro-
mean square displacement grows with a characterigfgheres at short time scales is dominated by hydrody-
power law of time: namic intenzactizonsi The total dissipation of the bead is
> o« ) order ~ n(v*/&7)(a*E;,) since the hydrodynamic flow
(Ar(n)) oct® a=o78F0lo for 1<z (13)  (cropted bg/ t{1e )r(novirzg bead is screened into the solu-
This last result implies that the motion of a microsphet®mn, and is non-negligible up to a distang into the
in a tight F-actin network is subdiffusivex(< 1) even sample from the bead. Herg,is the solvent viscosity
at the shortest probed time scales, i.e. down @40 s the velocity of the bead, ang}, is of the order of the
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Fig. 2 Overlap of the small-time scale mean-square displacement
measurements rescaled ly2¢ pM)/2 109 e
. F B e i 24
mesh sizeé. Since ¢, ~ ¢ « ¢ '/# for a solution of 3 B A i —— 3
semi-flexible polymers for whichl, > (¢, ,) and - 5 20 "“‘““‘*‘"‘NM ]
(Ar?(1)) is approximately inversely proportional to thez 1072 f ) E
friction, then the friction is proportional te'/2, in qual- g F 163 ]
itative agreement with our observations. However, thig 3 : 3
reasoning is approximate here since the motion of ther ; ]
bead is not diffusive even at the shortest time scal€s |4 | .
probed by DWS; therefore one cannot associat®rmr c(uM) ]
stantfriction coefficient to the bead. [ 100 ]
As shown in Fig. 1, at intermediate time scales and 164
over a wide temporal range, the exponentecreases 6L e
progressively to values much smaller than 3/4. This cor- 10 4 3 > 1
responds to the progressive elastic trapping of the bead 10 10 10 10

by the cage formed by the surrounding actin polymers. AR (D)

As verified by video-microscopy, electron microscopy, < ()> (pm)

a.”d analythal centrifugation (not shown here.)’ the tra&'g. 3 A Time-dependent diffusion coefficient of a microsphere im-
ping or caging of the bead by the network is entropkedded in an actin solution. The diffusion coefficient is defined by

in origin because the bead does not bind to actin. D(t) = (A*(1))/6t and calculated from the data in Fig. B. Diffu-
sion coefficientD as a function of the average displacement of the
microsphere/(Ar?)

Diffusion coefficient
and velocity autocorrelation function
the microsphere becomes elastically trapped by the ac-
Mean square displacements can be further analyzediinmesh.
terms of a time-dependent diffusion coefficient. Fig- The associated diffusion coefficiem of the probing

ure 3a shows the diffusion coefficient defined as microsphere is non-constant and spans almost five
_ 5 decades. The diffusion coefficient varies from
D(r) = (Ar(1)) /61 (I5) D ~ lo~® um?/s for large actin concentrations and long

and calculated from the data in Fig. 1. We observe thines to D ~ 0.3 um?/s for small actin concentrations
the motion of a microsphere cannot be described byaad short times (see Fig. 3A). The former value corre-
single diffusion coefficient, but by a diffusion coeffi-sponds to near-arrest of the microsphere by the elastic
cient which varies with time. At short times and correactin network: the microsphere probes the elasticity of
sponding small length scales, the microspheres expéhie actin mesh at long times. The latter is close to but
ence the small amplitude, high-frequency lateral fluctusmaller than the diffusion coefficient of the same micro-
tions of the subsections of the actin filaments betwesphere in water of viscosity 1 cP, which is equal to
entanglements. At long times and long length scale3, = kT /67na ~ 0.46 pm/s. If the bead size were
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Fig. 4 Velocity autocorrelation functiorv(z)v(o)) of a microsphere
in an actin solution

tions. Moreover, the interpretation of dynamic light
scattering data at high actin concentrations becomes dif-

. . ficult (if not incorrect) because of the multiply-scattered
much smaller than the mesh size, actin would not h'Héture of the light intensity.

der its diffusion andD would be D,. When the bead The displacement of a microsphere in a solution of

size is much larger than the mesh size (which is t@%mi flexible :
> ; ‘ . - polymers can be further studied by calcu-
case in the present work), actin rapidly hinders thg,"he velocity autocorrelation functiofv(1)v(o)),

bead’s motion as shown in Fig. 3A. S : . .
To establish the relation between the diffusion coeff%s shown in Fig. 4. The functiofv(1)v(0)) is defined

cient and the local displacement of microsphere, we

plot D as a function of\/(Ar?) (see Fig. 3B). This fig- (1)v(0)) = _dD(l) (16)
ure shows two distinct dynamical regions. First, a slow dt

near-plateau at short length scales, then a sharp dO\f\_/‘[%-

- . ure 4 shows the extreme sensitivity of DWS, since
ward transition past a characteristic crossover Ieng<tv 1)v(0)) varies more than 14 decades over the probed
scale. This crossover length scale decreases 020

to 2 nm when actin concentration is increased from mporal range. The autocorrelation functioitr)v(o))

to 164uM. Over the same concentration range, th cays via three distinct temporal regions. At short

CroSSO \5Ler -Iength scale is always much smaller th:';m es, the velocity autocorrelation function decays as a
. ) . Héwer law of time over two decades:

average mesh size of the actin network, which varies

from ~150 to 60 nm over the concentration range in- ,(1)y()) oc 11755010 < 7, . (17)

vestigated here.

The values ofD that we measured by DWS can b&he “long-time tail” is different from that observed
compared with values obtained using classical dynaniic ~ dilute  colloidal  suspensions for  which
light scattering by Newman et al. (Newman et al{y(f)v(0o)) < t73/> at short times (Weitz and Pine,
1989). These authors measured the diffusion coefficicr®93). At intermediate times, we also observe a power
of latex spheres imbedded in actin solutions and olaw behavior with a somewhat smaller exponent,
tained values rangind/D, ~ 1 — 0.2 for 270 nm ra- (v(¢)v(0)) o< 19715 over more than three decades.
dius spheres in actin solutions of concentrations rangiAg long times, the autocorrelation functions decay
¢=1-22uM. The magnitude of these values agree withgain rapidly with an effective power law
our optical measurements at least if we ug@ptically (v(¢)v(o)) o< ¢~!75%1°/ also over more than three
measured at very short times and small actin concentl@cades. We can qualitatively associate)v(o)) to the
tions. But, as shown in Fig. 3, the diffusion of latexlissipation of the microsphere by interaction with the
spheres in concentrated F-actin solutions is not wetlesh, orvice versathe dissipation due to the lateral
described by a single diffusion coefficient since thefluctuations of subsections of the polymers between
transport becomes subdiffusive at times as short estanglements. Dissipation is proportionalito which
10“s. Indeed, we obtain values that are®1® 10° scales ag~!75, suggesting that the dissipation or loss
smaller thanD, at long times and large actin concentranodulus is large at short time scales, scaling as
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Fig. 6 Evolution of the mean square displacement and of the crempeter. Figures 5—-7 demonstrate the remarkable agree-
flid. A Mean square. displacement ‘and. difiusion coefiient_ et Detween our optical and mechanical measurements
0.96um diameter microspheres in a 1 P viscous BilCreep compli- f J([) _for systems as diverse as .a viscous OII’. SOIU.tlons
ance measured by DWS (closed circles) and mechanical rheom&@fy flexible polymers, and solutions of semi-flexible
(open circles) of a 1 P viscous oil. The inverse of the slope yieldspolymers. Because of the limited overlap of the two op-
viscosity of 1.03 PC Mean square displacements and correspondifigg| and mechanical approaches, this agreement can be

time-dependent diffusion coefficients in three PEO/water solutions 4 ; ; ;
the semi-dilute regime measured by DWS. The mean square displatges—ted at intermediate time scales only.

ment follows a power law increase with timg\r2()) « 67 PEO- This agreement supports our new interpretation of
water solutionsD Creep compliance of PEO solutions the mean-square displacement, supports the use of parti-
cle-tracking rheometry to probe the local compliance of
a polymer system or complex fluids, and eliminates the
G" o« °7 with frequency, which confirms the resultextra transformations for the calculation of the visco-
of Palmer et al. (1998). elastic moduli. Indeed, our creep compliance measure-
ments, being proportional to the “raw” data generated
by DWS and particle-tracking, do not crop small and
Creep compliance calculated from MSD measuremeldsge frequencies out of calculated values of the visco-
and measured by mechanical rheometry elastic moduli. Figures 5-7 also show the complemen-
tarity of particle-tracking measurements and classical
We now directly test Eq. (9), which relates the meamechanical measurements. Very short time scales are in-
square displacementAr?(¢)) of a microsphere in a accessible to classical mechanical rheometige ver-
fluid to the shear compliancg(z) of that fluid. We cal- sa very long time scales are inaccessible to optical
culate J(¢) from our high-resolution mean square distheometry and particle-tracking rheometry.
placement measurements and compare these calculate@igure 5 displays the creep compliance of a 180
values toJ(r) measured by a stress-controlled rheactin solution. Creep compliance is measured using
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both particle-tracking micro-rheology and classical mephere at times < 7. = w_!. We estimate this charac-
chanical rheometry. We observe excellent agreeméstistic time to be order. ~1-0.03 s. Therefore, the
over the temporal range probed by mechanical rheonedserved agreement between our mechanical measure-
try. Of course, since mean-square displacement aménts, which are limited to times longer than 0.007 s,
creep compliance are proportional, the shape of/ifi¢ and our optical measurements at times 7. is some-
curve is identical. Therefore, the discussion given abowhat unexpected.
regarding the short- and long-time behavior (a6~ (7))
holds for J(z), including the concentration dependence
of J(¢) at short time scales. Concentration dependence of the compliance

The present work is primarily concerned with
solutions of semi-flexible polymers, but in order td-igure 7 displays the time-dependent compliance of ac-
further test Eq. (9), we conduct two “control” experitin solutions for concentrations between 10 and &4
ments. The first one involves a purely viscous fluid, as measured by DWS. Since the shear compliance is
viscous of fixed viscosityy=1.03 P. Figure 6 displaysproportional to the mean square displacement, the de-
the mean-square displacements measured by DWS, gsheption and discussion of these measurements are
diffusion coefficient, and the corresponding creeidentical to that offered above for the mean-square dis-
compliance. We first verify that the motion of theplacements. Figures 8 and 9 display the value/@f
microsphere is purely diffusive since the log-log plot ias a function of actin concentration, at different sam-
Fig. 6A yields a linear increase of the mean squapding times. At short times, we find thal(z) is weakly
displacement with a slope af=1.03+0.02. We expectdependent on actin concentration,
this result since the motion of a Brownian sphere in a o053
viscous fluid should be purely diffusive an@r?(z)) Joce < (18)
=(kpT/man)tH(r) at long times. The diffusion coeffi- for r=10°s and for ¢ <60pM. However, at long
cient of a 0.9um diameter microsphere in a 1.03 Rimes, this concentration dependence becomes steeper,
viscous oil is predicted to beD, = kT /6mna=4.4 (©) lg%02
x10°3 um?/s, which we measure using DWS as shown 7/~ ¢ =77 1> (19)
in Fig. 6A. Finally, according to Eq.(9), we expecfor /=10°s and for c <60uM. At these long time
J(t) = (¢/n)H (1), which we obtain as shown inscales the creep and, correspondingly, the mean-square
Fig. 6 B. The slope in Fig. 6b yields a bulk viscosityisplacement is not strongly dependent on time. On the
n=1.03+0.05 P, which is the correct viscosity of the oikame figure, we show video-enhanced particle-tracking
This result shows that particle-tracking measurememgcrorheological measurements of the plateau compli-
are not limited to viscoelastic fluids such as F-actin sgnce. Figure 9 shows the excellent agreement between

lutions, but can probe purely viscous fluids. This agrepws and single-particle-tracking measurements. The
ment also confirms that our new approach is quantita-

tive.
The second control experiment involves the measure-  {(y1 g ¥ Wi RS V7
ment of the creep compliance of a viscoelastic solution ; 2 03 =164

of flexible polymer, an aqueous solution of polyethy- 5
lene oxide. Here again, we conduct DWS measurements. 10 E
and classical creep compliance measurements. Fig -
ure 6¢ displays the mean square displacement and t 103k
diffusion coefficient; Fig.6d displays calculated and< ;
measured creep compliance. The same level of agr
ment as for the actin solutions and the viscous oil iss 107 [
found for the semi-dilute solution of flexible polymer. -~ F
The agreement of DWS and video-enhanced SPX;
measurements with mechanical measurements at long
times can be considered surprising. As pointed out by

¢ (M)

Gittes et al. (1997), the viscous solvent moves together  10° 7' . 5“‘ — 3“ sl 1‘ '1‘ -,
with the probed network at frequencies larger than 100 10° 100 10° 10 10
W, ~ Géz/naz, where G is the modulus of the actin 1(s)

network, ¢ is the mesh size, ang is the viscosity of
the buffer. This last expression is obtained by tHeg. 7 Evolution of the shear creep compliance for F-actin solutions

balance between viscous and elastic force actin on g concentrations ranging from 10 to 1681 A creep compliance
ateau” is reached faster and at a lower value for increasing actin

micr_osphere. _The formalism 'presented_ in the Th_eoé%ncentration, reflecting both the decreasing size of the actin mesh
section describes the Brownian dynamics of a micrend the corresponding increase of the elasticity of the network
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Fig. 9 Plateau shear compliance for F-actin solutions as a function
c(uM) of actin concentratiort. The magnitude of the plateau is arbitrarily
defined asJ,. The shear compliance plateau evaluated ats1i-
Fig. 8 Values ofJ(¢) as a function of actin concentration at differentreases with actin concentration gsoc ¢~ 132, This figure shows
sampling times. Note the saturation of the creep compliance for actiire excellent agreement between DWS measurements (circles) and
concentrations larger tharr50 uM, which corresponds to the onsetvideo-enhanced particle-tracking measurements (squares) of the con-
of a liquid crystalline ordering in the system centration-dependent creep

concentration dependence of the plateau compliance fion-negligible dissipative component” ~(0.3-0.4)
actin is much weaker than predicted for semi-dilute s8¢’ at small frequencies (Xu et al., 1998b). A more
lutions of flexible polymers, for whicli(® o ¢=22 (Doi formal expression, which specifically predicts the (time-
and Edwards, 1989). dependent) shear creep compliance of a solution of
Using Morse’s model of shear rheology of actisemi-flexible polymers is therefore needed to compare
solutions, we can attempt to explain the unusualr new data to a model.
concentration dependence of the creep compliance.
According to Morse’s model, the long-time shear
modulus of a solution of semi-flexible polymers
can be described by the classical expressioft) Summary and conclusions
=GOS (8/p*?) exp(—p*t)/tp) of the de Gen-
nes-Doi- édwards model of reptation (Doi and Edward$his paper predicts the proportionality between the
1989). Here, G is the plateau modulus ang, is the mean square displacement of a microsphere imbedded
terminal relaxation time of the polymer, i.e. the timén a fluid and the local linear creep compliance of that
necessary for an actin filament to disengage from ifisiid. We test this relation using mechanical rheometry,
initial tube. Therefore, the steady State compllanchaffusmg wave spectroscopy, and particle-tracking
is predlcted to be J<O = f°° (t)dt/ f G(1) dt microrheometry on three different systems: a purely vis-
= 6/5G") (Doi and Edwards, 1989) cous oil, a viscoelastic solution of flexible polymers,
For actin solutions,G’, > G” at long times, henceand a viscoelastic solution of semi-flexible polymers.
G ~ G’ and the compliance is of the order of thélechanical rheometry measures the creep directly by
inverse  of the small-frequency elastic modulugpplying a small stress and by measuring the resulting
©) < 1/G'. Morse predicts that the concentratiostrain. This conventional measurement is macroscopic.
dependence of the elastic plateau modulus dependslmstead, our particle-tracking microrheology instruments
concentration asG’, « ¢7/5, which has recently beenmeasure the mean-square displacement resulting from
verified experimentally by both optical and mechanicéhe thermal energy imparted to a small microsphere sus-
rheometry (Xu et al., 1998b). Thereforé&  ¢~7/5, pended in the same system. This measurement is meso-
in agreement with our mechanical, DWS, and partlcleeopic because it is conducted at length scales much
tracking measurements (see Fig. 9). Therefore, the amaller than the sample size and the actin filaments, but
gin of the long-time creep is due to the reptation of th&ill much larger than the mesh size and the small
long semi-flexible polymers (Morse, 1997). Howevesolvent molecules. We observe excellent agreement for
this argument is approximate and would be correcttliree different systems over the temporal range shared
J(t) were a true plateau and if a F-actin network wetgy the mechanical and optical instruments.
an elastic solid. Our recent work shows that, at equilib- These instruments are complementary: while me-
rium, actin rheology is indeed solid-like, but with ahanical rheometry is best suited to probe the long-time
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creep behavior of polymer solutions, DWS is bestependence is also a direct consequence of the finite
suited to probe short time scales, from™4@0 10°s. rigidity of actin. We are currently testing Eq. (9) on
Video-based SPT is not as accurate as DWS, but uséiser polymer systems such as solutions of micro-
much smaller amounts of sample and is straightforwambules, which are rigid polymers, and colloidal sys-
to implement. tems, such as clays.
In the case of a solution of semi-flexible polymers,

we observe that the creep compliance scales Agnowledgments The authors acknowledge D. Morse and A.C.
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