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Viscoelastic properties of semiflexible filamentous bacteriophage fd
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The cytoskeletal protein filameftactin has been treated in a number of recent studies as a model physical
system for semiflexible filaments. In this work, we studied the viscoelastic properties of entangled solutions of
the filamentous bacteriophage fd as an alternatiie-aatin with similar physical parameters. We present both
microrheometric and macrorheometric measurements of the viscoelastic storage and loss@i¢tiuland
G"(f), respectively, in a frequency range 0s01<4 Hz, for fd solutions in the concentration range &
<15 mg/ml. The onset of a narrow and slanted plateaulike regid®’¢f ) is located at around 2 Hz. The
variation of the plateau modulus with concentration obeys a poweGawct4=%3 similar to that found for
entangled solutions of-actin. In the low-frequency regime, the frequency dependence of the viscoelastic
moduli can be described by power la@$(f )oc fO%~12and G”(f )oc £%7=09 which deviate significantly from
the simple theoretical predictions & (f )o<f2 andG”(f )« f1. The latter behavior cannot yet be understood
within the framework of current theories of semiflexible filament networks. For the dynamic viscosity at the
low shear rate limit, a concentration dependencefc?®was found. Finally, a linear scaling of the terminal
relaxation time with concentratiomgocc, was observed.

PACS numbds): 87.15~-v, 83.10.Nn, 83.50.Fc, 83.80.Lz

[. INTRODUCTION dation of actin, which produces a small percentage of
disulfide-bonded actin dimers that are capable of cross-
Rheological properties of networks of sterically interact-linking actin filaments during polymerizatid5]. The large
ing semiflexible filaments are a subject of great current invariance of filament length between preparations from differ-
terest and of intense experimental and theoretical studiegnt laboratories, as well as polydispersity that is exhibited by
One motivation of such studies is that a number of biologicathe filaments inF-actin solutions, further compounds at-
polymers such as the cytoskeletal proteffRactin and inter-  tempts to provide a coherent set of data. The average fila-
mediate filaments, as well as polyelectrolytes, belong to thignent length can be regulated and adjusted by the use of
class of polymers. In addition, the structural and mechanicatapping proteins mentioned above, but the solutions will re-
properties of networks formed by semiflexible macromolecunain polydisperse. These practical problems seriously inter-
lar filaments are determined by entropic and enthalpic confere with reliable comparisons between theory and experi-
tributions. This is in contrast to flexible polymers, the prop-nent one practical solution is to find an alternative species
erties of which are determined exclusively by entropic ¢ gonmifiexible filaments with similar length and persistence

effects. The rheological properties of semiflexible pOlwnerﬁength asF-actin, and to check the theoretical predictions
are therefore not well described by traditional theories for '

flexible polymers[1,2]. Recent theoretical efforts have with suc'h a system. . ) . .
emerged to provide a conceptual foundation for networks of The flllame_ntous bagterlophgge fd fulfills this role. It is a
semiflexible filament§3—18). semiflexible flla}ment with a uniform length df;=0.9um
Much of the recent theoretical development has beeh26:27, @ persistence length df,=2.2um [28-30, and
aimed at predicting the rheological behaviorfefictin net- @ molecular massM=16.4<10°Da. The diameter of
works[6,8—11,15. This is because most experimental stud-fd (dg=7nm) and its linear mass density o
ies of a semiflexible filament network are based on solutions= 18 200 kDaprm) are comparable to an actin filament
of F-actin as a model polymer. However, among a large(d,.ir=8 nM, o 4.in= 15400 kDaftm). The aspect ratioge
number of reports from several laboratories, the values oftL/d, of fd (e4=130) is comparable td-actin with an
viscoelastic storage and loss mod@i,(f) andG”(f), re- average filament length df =1.5um (€yin=190). Solu-
spectively, differ by as much as three orders of magnitudeions of fd have been used extensively as a model system in
[19,20. This large variance is due to the fact that the rheo-studies of particle dynamics by dynamic light scattefipg—
logic properties ofF-actin solutions are extremely sensitive 31], formation of liquid-crystalline phasd82-34, and the
to the presence of even small traces of cross-linkefrse.g.,  polyelectrolyte behavior of highly charged filamentous
[20—-22) or capping proteingcf., e.g.,[23]), which modify  biopolymers[35,36|. In the present work we measured the
F-actin networks in living cell$24]. It has been shown more viscoelastic impedance spectra of entangled networks of fd
recently that cross-linking can also occur due to a slow oxisolutions by torsional rheometry and magnetic bead mi-
crorheometry in the frequency ranfie 0.01-4 Hz. The re-
sults are compared with the frequency dependence of the
* Author to whom correspondence should be addressed. Fax: 81storage and loss modulus of entangledctin solutions of
855 5533. Email address: jxtang@indiana.edu similar filament length, and with theoretical predictions.
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Il. MATERIALS AND METHODS
A. Preparation of bacteriophages

The fd phage was prepared by a standard mefl3adl
The virus suspensions were kept in a buffer solution contain-
ing 3 mM Tris-Cl at a pH 8.0, 100 mM NaCl, and 1 mM
NaNs;. The virus particles are stable in solution at 4 °C over
a period of several months.

B. Electron microscopy

The negative staining technique was used to visualize fd

filaments by electron microscop¢EM). Briefly, the EM ‘ ' ‘{,\

grids were coated with formvar films, followed by carbon A i o

coating and treatment of glow discharge. A ADdrop of 5«’{' e

approximately 0.1 mg/ml fd solution was deposited onto an = = ——

EM grid that had been rinsed with several drops of distilled

water. After adsorption for 1 min, the aqueous solution was

removed with filter paper, and the sample was negatively FIG. 1. Negative staining electron micrograph of an fd virus

stained with 0.8% uranyl acetate for 1 min. Excess liquidnetwork. The scale bar at the lower right represents 100 nm.

was again drained with filter paper. The sample was then

examined at 100 kV using a Philips CM 100 electron micro-the case of the fd solutions used, since the results are influ-

scope. Pictures were taken using Agfa Scientia electron imenced by the inertia of the instrument. For this reason, results

age films. obtained with this instrument are only shown for frequencies
f<3 Hz.

C. Rheometry A commercial macroscopic rheometer such as a Rheomet-

rics RFS Il (Rheometrics Scientific, Piscataway, )Ndan

Three instruments were used to obtain the viscoelastifyeasyre shear moduli as functions of frequency up to about
properties of fd networks. One of the three instruments, pre; 5 Hz, higher than the practical limit of the home-built mag-

viously described as a magnetic tweezers rheorrieigy, netically driven rotating-disk rheometer. A severe limitation

enalblesf 0?9 to measure Io%al v]:sco_elastlc“pr_operéles ON & such a commercial instrument, however, is its practical
scale of a few micrometers, therefore it is a “microrheomet-e nsitivity fimit of 10 °N m torque, using a cone-and-plate

ric” method. The other two rheometers measure macro-

. : : , . pair with a diameter of 50 mm. In this work, since the net-
scopic bulk properties, which will be referred to as “mac- work strength of fd is very weak, a Rheometrics RFS II
rorheometric” measurements as described below.

rheometer was used only for selected rheological measure-
. ments of high fd concentrations of 10 mg/ml or above.
1. Magnetic tweezers rheometry

The physipal principle and instrumental details of a home- . RESULTS
built magnetic tweezers rheometer have been described pre-
viously [38—40. Briefly, spherical superparamagnetic beads With a persistence length of 22m and a length of 0.9
with a diameter of R=4.5um (Dynabeads M-450, Deut- um, fd viruses are best described as semiflexible filaments.
sche Dynal, Hambujgare embedded within the network. Judged from the electron micrographs prepared by the nega-
The beads are manipulated by an external magnetic fieltive staining technique, the dispersion of filaments forms an
(hence the name magnetic tweezefhe motions of single interconnected networlEig. 1). Observations based on both
beads induced by oscillatory magnetic fields are monitoredEM and separate light-scattering studigg] confirm that the
by particle tracking using videomicroscopy and image pro-d filaments do not aggregate, which is an important require-
cessing. The magnetic force is controlled by the voltage sigment for the comparison of our experimental results with
nal generated by a function generator. By applying a sinutheoretical predictions.
soidal force of frequency and by recording the oscillatory Measurements of storage and loss mod@i(f) and
voltage signal simultaneously with the induced displace-G"(f), respectively, have been carried out in the frequency
ments of the beads, the viscoelastic storage and loss modulinge f=0.01-4 Hz using fd solutions of concentrations
G’'(f) andG"(f), respectively, can be determined follow- ciq=5-15mg/ml. The results of a few representative mea-
ing a previously described procedufd0]. The magnetic surements are shown in Fig. 2. The loss modulus is larger
tweezers rheometer is well suited for measurements of verthan the storage modulu§”(f)>G’(f), for all frequen-
soft materials, with an applicable frequency range from be<ies below 1 Hz. At frequencies above 1 Hz, a shallow pla-

low 10 mHz up to 5 Hz. teaulike region withG' (f )~ G"(f ) is observed based on the
) microrheometric data. The loss modul@'(f ), exhibits an
2. Macroscopic rheometry inflection point aroundf~1 Hz. Plots of the loss tangent,

Independent sets of measurements were performed usirg’(f )/G’(f), suggest that its value is nearly constanf at
a magnetically driven rotating-disk rheometer, as described=2 Hz, except for the two low concentrations in which cases
previously[41,42. At the upper bound frequency above 3 the data are less reliablsee the scatter on the lower right
Hz, the results from the instrument are no longer reliable irgraph of Fig. 2. At lower frequencies off<1 Hz,
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FIG. 2. Results from microrheologicébpen symbolsand macroscopicfilled symbols measurements d&’(f ) (circles andG”(f)
(squaresas a function of frequency for solutions of fd viruses of concentrataggs 15 mg/ml (upper lefy, 12.5 mg/ml(upper righy, 10
mg/ml (middle lefy, 7.5 mg/mi(middle righy, and 5 mg/mi(lower left). All macroscopic results were obtained by rotating-disk rheometry
except for the data presented in the insetgf 10 mg/ml, which were measured by a commercial RFS Il rheonieésr Sec. )l Lower
right: Loss tangentG”(f )/G'(f ), in the frequency range of 0.1-4 Hz as calculated from microrheométyt5 mg/ml;J, 12.5 mg/ml;

V, 10 mg/ml;®, 7.5 mg/ml;A 5 mg/ml. A constant value d&"(f )/G’(f ) around 2 Hz can be seen at higher concentrat{sakd lines.
The data become unreliable at lower concentraticlogted lines.
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FIG. 3. Plateau modulu§y,, of fd virus solutions as a function B
of concentration. Plot of storage modulus at frequeheyl.7 Hz 'Y ISR I TR TT1 S S TSN T 171 B S
from microrheological measurement®) and atf=1.1Hz from C
macroscopic measuremeri@®). The straight line is a power-law fit i
to the microrheological results of the identified plateau values. 1 3
G"(f)/G'(f) decreases with increasing frequency. Our data E X
for the fd samples are similar to the results obtained for o, o E
entangled actin solutions with an average filament length of ‘g F
1.5um[6]. For the case df-actin one observes the onset of o :
a plateaulike region in th&’ versusf plot at about 0.2 Hz, 0.0
and an inflection point in th&” versusf plot in the same o8
region. In order to compare the fd results with those found wf”
for actin networks, we attribute the flat region®f(f) at 2 0.001

Hz to a plateau. L IR B L) IR B LLL] N
The concentration dependence of the plateau modulus, 0.01 °-1f [Hz] !
G (crg), was examined by considering the value33f(f ) at
the fixed frequency = 1.7 Hz. This frequency lies within the FIG. 4. Power-law behavior d&'(f) (a) andG”(f) (b) at the
plateaulike region for most concentratiofexcept for ¢y low-frequency regime. The data from the microrheological mea-
=5 mg/m). Around this frequency, an inflection point was surements of Fig. 2 are shown. The straight lines represent best fits
observed in th&s"” versusf plot. Therefore, the correspond- of scaling laws in the respective frequency range for the following
ing value ofG'(f) is assumed as the plateau modul@g,,  five concentrations: 15 mg/niD), 12.5 mg/mi(LJ), 10 mg/mi(A),
of the actin solutior(cf. [6]). This is an approximation, since 7-5> mg/mi(<¢), and 5 mg/mi(V/).
the exact position of the inflection point cannot be located
precisely based on the measured data. The result is shown gforheometry. There is no significant discrepancy between
Flg 3. ltis interesting to note that the frequency at which thqhe macroscopic and microscopic values @k‘, as dis-
plateau is found does not vary markedly with concentratiorplayed in Fig. 3, sinces’ has been evaluated at different
for ¢y=7.5mg/ml. frequencies. The relation between microrheology and mac-
A simple power-law fitGy(c)=c?, to the data of Fig. 3  rorheology forF-actin solutions has been studied and dis-
in the concentration range of 5—-15 mg/ml results in a powetussed elsewhef@9].
a=1.4+0.3 (drawn line in Fig. 3. We obtain the same  The fd solutions exhibit liquidlike features in the fre-
power law, if the mean value oG'(f) in the rangef  quency range below the plateau regidn<(l Hz), and this
=1.3-2.2Hz is plotted against concentrati¢data not behavior extends over most of the observed frequency range.
shown. Thus the data from microrheometric measurementsn the following, we explore the frequency dependence of
of fd phages agree well with a scaling behavior of the plateathe viscoelastic moduli by considering only the data obtained
modulus Gyeccii®, previously observed for entangled by microrheological measurements, since microrheological
F-actin solutiong6,43]. This behavior was also predicted by and macrorheological results agree quite well but the mi-
recent theoretical analysj§,8,15. crorheometric data extend over a broader range of frequen-
The macroscopic measurements with the rotating-diskies. The results for several concentrations are summarized
rheometer yield reliable results fogy=10—15mg/ml at fre- in Fig. 4. By analyzing the results in terms of scaling laws,
quencies up to 1.1 Hz, while the data severely scatter abovee find empiricallyG’ (f )< f%®~*2and G"(f )« f%7~02 re-
this limit (not shown. Values of G’ (f=1.1Hz) obtained by spectively. The exponent fd&’(f ) increases slightly with
macroscopic measurements are also plotted in Fig. 3. Thesicreasing concentrations, while 18 (f ), the variation is
results suggest the same scaling behavioiGfitciy) as mi-  smaller and falls within the experimental uncertainty.
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IV. DISCUSSION

We studied the viscoelastic properties of solutions of the
filamentous bacteriophage fd, which is an excellent model of
entangled networks of monodisperse semiflexible filaments.
The viscoelastic moduli were measured by macroscopic and
microscopic rheometry over a frequency range bf
001 i =0.001-4 Hz and for concentrations varying from 5 to 15
) T — T T T T mg/ml corresponding to volume fractions op=6.4
10 x 1073 to 2x 10" 2. At these volume fractions, fd forms iso-

¢ [mg/mi] tropic networks under the ionic conditions used in our ex-
FIG. 5. Frequency and concentration dependence of the d){__)eriments, and the spontaneous formati(_)n of a liquid crystal-
o . . o . . ine phase does not occur at concentrations below 20 mg/ml
of frocuency fo fd concentations of 15 M), 12,6 mgm 134
?D);relqoufr?;};nl?m; 7C_c5) ;Z/m?(g)?a%d 5 mglml(v'). Al vaI%es We shall discus; our findings in the context of recently
are calculated based on ti&" data of Fig. 2.(b) Concentration devglopgd theoretical concepts for rheOIOQy of Qntangled
dependence of zero-shear viscosity, estimated from the low- Semiflexible polymer solutions. In particular, we will com-
frequency saturation behavior of the dynamic shear viscosity, aBare the rheologic properties of fd to those foundFeactin
described in the text. The value g{f) atf=0.03Hz is used as a Of similar filament length, such as,.;,=1.5um [6]. The
measure forp,. The line fit corresponds to a slope of 2.6. concentration range of thesé-actin solutions was from
Caciin= 1.35—4.5 mg/ml, which corresponds to volume frac-

The dynamic shear viscosity of the fd virus solutions cartions from ¢,ei=2x10"2 to 6.7<10 2. In all cases the
be calculated fromG”(f) by using the relationz(f) F-actin solutions were isotropic as well. The mesh size of an
=G"(f)/2xf. The results of this analysis are shown in Fig. fd network is defined similarly to that df-actin using the
5(a). Since the value ofy(f) is approximately constant at e€mpirical relationship
f<0.03Hz, the valuey (0.03 H2 is taken as a good ap- c |\
proximation of the zero-shear viscosityy=Ilim;_ o 7(t). §m:§o(m|
The values thus obtained are shown as a function of fd con-
centration in Fig. &). Note that at 0.03 Hz the value of (Ref.[45]). The numerical coefficier§, was experimentally
n(f) is not exactly constant, especially for the solutionsdetermined to be 0.3&m for pure actin solutionf45]. We
with higher ciy. As a consequence, the real value of theadopté,=0.6,.m in the discussion here, which gives rise to
zero-shear viscosity is not yet reached. A simple fit to thishe best agreement between theoretical predictions and ex-
low shear viscosity data suggests that the dependeneg of perimental values of the plateau modulGg, for 1.5-um
on concentration can be described by a power i ci®  actin solutiong6] and also for fd solutions, as will be shown
[Fig. 5(b)]. For rigid rods one expectgoec® [44]. below. The mesh size ranged for actin from 0.24 to Q48

Finally, the terminal relaxation timery, was obtained and for fd from 0.16 to 0.26um. In order to estimate the
using the conditionG’(1/74)=Gy/2 [6]. A linear scaling entanglement length. and the tube diametet,, respec-
with concentrationgqecc, was foundFig. 6), while for rigid  tively, we apply the simple scaling relationshif,

no [Pa sec]

i lllllll
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och(cLLS)‘Z’S and deoch(cLL;)‘e”s [17]. By taking L oretical estimate, or to the fact that the experimental fre-
quency has not reached the plateau region.
The theoretical approach of Hinnet al. [6] leads to a
—26nm in a 10 mg/ml fd solution. Thus by using the aboveprediction of absolute values @&,,. The interaction of the
: . LT polymers with each other is described by means of the tube
scaling relations, a 10 mg/ml fd solution is highly entangledconcept, developed by Odijf46] and Semenoy17] for

and the ube model predicts on average eight collisions P& emiflexible polymers. Modes of wavelengths smaller than

filament. The small tube diameter and the relatively Iargqhe entanglement length, are already equilibrated on the
collision number approximately satisfy the criteria of recent; . <cale of the plategu regime. Consequently, the vis-

theoretical model$6,8,19 despite the short filament length coelastic response of entangled solutions is dominated by the

of only 0.9 um. _ , - steric interaction between the tubes, confining the motion of
As it has been pointed out in more detail in Sec. lll, 2gach polymer chain. The plateau modulus of a solution of
slanted and narrow plateau or a plateaulike region is found igych tubes can be expressed in terms of a virial expansion.
the frequency rangé=2 Hz (Fig. 2). For 1.5um F-actin @  This approach is similar to that accepted to determine the
similar region was found around 0.2 H8]. This shift in  osmotic pressure of dispersed rddd], except that it is ap-
frequency is due to the larger average filament length of thelied to tubes instead of filaments. With this concept, one
actin samples. The values 6fy range for fd from 0.35 to  obtains G\, =2(kgT/£3L,) and Le~0_58§‘r;/5|_g/5_ Applying
2.1 Pa and for 1.5um F-actin from 0.10 to 0.43 Pa. This this equation while taking a numerical coefficient &
difference reflects the higher concentrations and smaller per=0.6,m for the estimation of the mesh size, i.e.,
sistence length of the fd virus. One important possibility to
test theoretical predictions against experimental data is to
consider the variation of the plateau modul@g,, with con-
centration. A scaling law oBc/” is expected on the basis _
of theoretical predictions for semiflexible polymdgsg,15.  one finds a remarkably good agreement between theory and
Recent experimental studies of the caseFedctin confirm  €xperiment: the theoretical curve coincides with the drawn
this prediction[6,43]. The same behavior is found for solu- line in Fig. 3. . _
tions of fd, if one considers the whole range of concentration Now we shall compare the dynamic properties of the en-
of 5<cy=<15 mg/ml(cf. the drawn line in Fig. B tangled fd virus ancF_—actm solutions. The estimated values
We now compare recent theoretical predictions with our®f the zero shear viscosity of the fd samples range from
experimental results concerning the storage modulus in the-8<10" %o 1.1 Pas. For 1.am F-actin it was not possible
plateaulike region. A series of recent papers by Morse prel0 €xtrapolate to the limiting frequencf;—0, since no satu-
dict the viscoelastic behavior of a semiflexible polymer net-ration of the viscosity occurred within the accessible fre-
work based on a detailed calculation of a stress teflspr ~ duency rangg51]. In the latter case the viscosity at the
15], considering local forces and torques. The response to agmallest frequencyf=2x10"*Hz, ranges from 2.7 to 9.4
oscillatory deformation of a semiflexible filament network Pas. For the concentration dependence of the approximate
may be separated into several terms, which have distinct arg£ro-shear viscosity of the fd solution, we find a scaling law
well separated values and decay times. First, a rapid distor7o*c>® [Fig. 5b)]. This result can be well understood in
tion of the network will result at short time scales in the terms of a modified Doi model. In its original form, this
stretching or compression of the randomly curved filamentsmodel predicts a scaling lawoe<c® for solutions of rigid
which gives rise to a large tensional stress. The tensiondPds in the semidilute and concentrated regié]. It is
stress has been previously analyzed in detail by MacKintosROssible to extend this model to treat semiflexible filaments
et al.[10]. Second, the subsequent shear deformation of thi# the following way[48]: 7, is related toGy and the
network (which is a much slower processauses bending of terminal relaxation timery, by the relation
the filaments, which leads to a curvature stress. Certain fea- ,
tures of the curvature stress have also been predicted by 70~ GnTd, (4.2)
other treatments, such as its dependence on concentration t% . . - .
be ¢’5 [6,8,11]. Third, the deformation causes changes inwhere 74 scales with the reciprocal coefficient of rotational
filament orientation, thus giving rise to an orientationald'ffus'on’ Dy, as
stress. The orientational stress is negligibly small for long 1
and flexible polymers I(>L ), while for suspensions of T=gp -
rigid rods it is the only stress terfd4]. r

Morse’s theoretical estimate of the storage modulus CaR . the semidilute to concentrated regini®, can be ob-
be CO”,‘pafed 1o our values for the plateau quLﬂ}ﬁ, by tained from the rotational diffusion coefficient for dilute so-
assuming that the curvature stress is the dominant term. Taksions D o, by using the relatiof44]

L] ro:»

ing the 10 mg/ml fd sample for example, a simple estimate
of the curvature stress usir@. .« (nL/Ls)kgT (wheren D,xD,o(d/L)?, 4.3
denotes the number density of filamerig,the Boltzmann

constant, and the absolute temperatyrgl3] gives a value whered denotes the tube diameter abhdhe contour length
of 12 Pa. This estimated value is a few times higher than thef the filaments. The dependencef on the factor @/L)?
measured value at the high-frequency limit of 4 Hz, whichholds for rigid rods as well as for semiflexible filaments. For
could be due to neglecting a numerical prefactor in the thethe semiflexible caseal obeys the scaling relatidri7]

=0.9um as the filament length arld,=2.2um as the per-
sistence length of fd, one obtains,=115nm andd,

£n=0.6umX

c \)1/2
Img/ml ’

4.2
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FIG. 7. Comparison between measured shear
moduli for a concentration of 10 mg/ml with the-
oretical predictions based on the analysis of
Morse[13]. Solid and hollow symbols represent
G’ and G”, respectively. Circles, triangles, and
diamonds indicate measurements by the RFS II,
rotating disk, and magnetic beads rheometry, re-
spectively.
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whereas for rigid rodsdec™'L~2 [44]. Combining Egs.
(4.2—(4.4) yields the terminal relaxation time of semiflex-
ible filaments,

TdOCCG/S, (45)

while 74 c? holds for rigid rodg44]. Furthermore, for semi-

This numerical coefficient results in values higher than the
experimental data by a factor of about 10. This discrepancy
suggests here that the dynamics of semiflexible polymers is
still poorly understood, while the static properties, such as
the plateau modulus, are already well described by the exist-
ing theories.

The values of the terminal relaxation time,, of the fd
solutions range from 0.7 to 2 s. Figure 6 shows thgscales
linearly with concentration. As derived abol&. Eq. (4.5)],

flexible filaments the plateau modulus depends on concentran exponent of 6/5 is expected for semiflexible polymers as

tion as[6,8,11]
Gfxc™, (4.6)

whereasG|«c for rigid rods[44]. Inserting Eqs(4.5 and
(4.6) into Eq. (4.1 yields, finally,

770occ13/5 (47)

opposed to 2 for rigid rods. Comparison of the experimental
and the theoretical values shows that theory and experiment
differ by a factor of 10. This means that the reptation tubes
decay faster than theoretically predicted. Feactin fila-
ments of 1.5um contour length, one obtains values %f
between 25 and 55 s, which do not systematically depend on
concentratior]50].

In conclusion it is possible to compare the static scaling
laws of the plateau modulus of the fd virus aReactin,

for the zero-shear viscosity of solutions of semiflexible fila-\yhereas the scaling behavior of dynamic properties, such as

ments. The scaling relatio@®.7) is in excellent agreement
with our experimental finding oo cZ°. Furthermore, if all

the zero-shear viscosity and the terminal relaxation time, can
only be studied in the case of the fd virus. Note that although

numerical prefactors are retained through the above derivaz_actin and fd filaments compared in this study have similar

tion, one obtains

, c \)13/5
70=9.4X10 °Pa X Tmgim .

dimensions, they differ significantly with regard to polydis-

persity, which may strongly affect the network properties.
Finally, we compare the measured viscoelastic impedance

spectraG’(f ) andG"(f), with the calculated values for the
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complete frequency range by applying the recently publisheditude. The calculation by Morse predicts an exponent close
theory of Morsd 13] (Fig. 7). This theory predicts the quali- to 1 for the scaling ofG’(f) at frequencied just below
tative behavior for the complete spectra, but does not yethe plateau. However, our data suggest that the transition
predict very well absolute values. Therefore, we treated théo the rigid-rod-like behavior would only occur at much
solvent viscosity, entanglement length, and tube diameter dewer frequencies than probed by the current rheological
free parameters to obtain the best fit between theoretical préd€asurements. _ o o )
dictions and experimental data. Best fit was obtained by us- !N summary, solutions of fd exhibit certain viscoelastic
ing a value of 0.63um for the entanglement lengfimply- feature_s that resemblg thosta of solutiongedctin of short

ing a prefactor of 5.6 in the expression of, Mmean filament length, mct%dlng a narrow and slanted plateau
xL,(cLL2) "2 and 76 nm for tube diameter. In Fig. 7, the for the plateau modulus, and a

region, a power lavs«cy
G’ andG” values calculated according to Morgks] for a terminal relaxation time in the range of a few seconds. Using
10 mg/ml fd solution are compared with the experimental

two independent species of semiflexible filaments to test the
data obtained by microrheometry and macrorheometr t_heoreucal treatment ensures that the e_xperlmental results are
Given the variance among the experimental data of the difhot due to peculiar features of one particular system. Despite
ferent techniques, their overall agreement with the theoreti:

the remarkable similarities between the two types of semi-
cal curves is reasonably good with a few notable exceptiong!ex'ble _fll_aments, the sho_rt bacteriophage filaments show
For instance, the analysis by Morse predicts a broad plate me distinct features, which are not observed for solutions

for storage modulus while the experiments show a ratheP! F-actin. The most notable feature is an anomalous fre-

narrow and slanted plateau, casting doubts about the appﬁ{uency dependence of the viscoelastic storage and loss

cability of the theoretical approach. We note that the narrow—mOdLIII below the plateau regime. In future studies, we will

ing of the plateau region has also been found in measurditempt to pe_rform measurements in a broader freql_,lency
ments of F-actin solutions with short average filament range, espeu_ally by E‘Xtef‘d'”g measurements to higher-
lengths down to 1.5:m [50] frequency regimes, for which interesting predictions have

Our measurements of fd solutions reveal interestingbeen made by several recent theoretical analysds,49.

features of semiflexible filaments at low frequencies. In the
regime of viscous flow, one would expect solutions of semi-
flexible filaments to behave more like rigid rods, since the This work was supported by the Deutsche Forschungsge-
undulatory excitations are completely damped out. In thismeinschaft under Contract No. Sa. 246/22=4S), and also
case, similar to the behavior of flexible chains, a scalingoy Brigham & Women'’s HospitalBoston, MA) and Indiana
behavior ofG’ (f )< f2 andG”(f ) f! is expected44]. This  University (J.X.T). We are grateful to the late Irene
behavior can be understood in terms of a simple MaxwellSprenger for her assistance in electron microscopy. We also
model equivalent to mechanical circuits]. Our measure- thank Erwin Frey, Klaus Kroy, Paul Janmey, Fred MacKin-
ments show that the frequency dependence for solution®sh, David Morse, and Jan Wilhelm for valuable sugges-
of the semiflexible fd virus is remarkably weaker. We find tions and stimulating discussions. F.G.S. wishes to thank
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