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Viscoelastic properties of semiflexible filamentous bacteriophage fd
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The cytoskeletal protein filamentF-actin 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 alternative toF-actin with similar physical parameters. We present both
microrheometric and macrorheometric measurements of the viscoelastic storage and loss moduli,G8( f ) and
G9( f ), respectively, in a frequency range 0.01, f ,4 Hz, for fd solutions in the concentration range 5,c
,15 mg/ml. The onset of a narrow and slanted plateaulike region ofG8( f ) is located at around 2 Hz. The
variation of the plateau modulus with concentration obeys a power lawGN8 }c1.460.3, similar to that found for
entangled solutions ofF-actin. In the low-frequency regime, the frequency dependence of the viscoelastic
moduli can be described by power lawsG8( f )} f 0.9– 1.2andG9( f )} f 0.7– 0.9, which deviate significantly from
the simple theoretical predictions ofG8( f )} f 2 andG9( f )} f 1. 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 dependence ofh0}c2.6 was found. Finally, a linear scaling of the terminal
relaxation time with concentration,td}c, was observed.

PACS number~s!: 87.15.2v, 83.10.Nn, 83.50.Fc, 83.80.Lz
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I. INTRODUCTION

Rheological properties of networks of sterically intera
ing semiflexible filaments are a subject of great current
terest and of intense experimental and theoretical stud
One motivation of such studies is that a number of biologi
polymers such as the cytoskeletal proteinsF-actin and inter-
mediate filaments, as well as polyelectrolytes, belong to
class of polymers. In addition, the structural and mechan
properties of networks formed by semiflexible macromole
lar filaments are determined by entropic and enthalpic c
tributions. This is in contrast to flexible polymers, the pro
erties of which are determined exclusively by entrop
effects. The rheological properties of semiflexible polym
are therefore not well described by traditional theories
flexible polymers @1,2#. Recent theoretical efforts hav
emerged to provide a conceptual foundation for networks
semiflexible filaments@3–18#.

Much of the recent theoretical development has b
aimed at predicting the rheological behavior ofF-actin net-
works @6,8–11,15#. This is because most experimental stu
ies of a semiflexible filament network are based on soluti
of F-actin as a model polymer. However, among a la
number of reports from several laboratories, the values
viscoelastic storage and loss moduli,G8( f ) andG9( f ), re-
spectively, differ by as much as three orders of magnitu
@19,20#. This large variance is due to the fact that the rhe
logic properties ofF-actin solutions are extremely sensitiv
to the presence of even small traces of cross-linkers~cf., e.g.,
@20–22#! or capping proteins~cf., e.g.,@23#!, which modify
F-actin networks in living cells@24#. It has been shown mor
recently that cross-linking can also occur due to a slow o
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dation of actin, which produces a small percentage
disulfide-bonded actin dimers that are capable of cro
linking actin filaments during polymerization@25#. The large
variance of filament length between preparations from diff
ent laboratories, as well as polydispersity that is exhibited
the filaments inF-actin solutions, further compounds a
tempts to provide a coherent set of data. The average
ment length can be regulated and adjusted by the us
capping proteins mentioned above, but the solutions will
main polydisperse. These practical problems seriously in
fere with reliable comparisons between theory and exp
ment. One practical solution is to find an alternative spec
of semiflexible filaments with similar length and persisten
length asF-actin, and to check the theoretical predictio
with such a system.

The filamentous bacteriophage fd fulfills this role. It is
semiflexible filament with a uniform length ofL fd50.9mm
@26,27#, a persistence length ofLp52.2mm @28–30#, and

a molecular massM fd516.43106 Da. The diameter of
fd (dfd57 nm) and its linear mass density (s fd

518 200 kDa/mm) are comparable to an actin filame
(dactin58 nm, sactin515 400 kDa/mm!. The aspect ratio,e
5L/d, of fd (e fd5130) is comparable toF-actin with an
average filament length ofL51.5mm (eactin5190). Solu-
tions of fd have been used extensively as a model system
studies of particle dynamics by dynamic light scattering@28–
31#, formation of liquid-crystalline phases@32–34#, and the
polyelectrolyte behavior of highly charged filamento
biopolymers@35,36#. In the present work we measured th
viscoelastic impedance spectra of entangled networks o
solutions by torsional rheometry and magnetic bead
crorheometry in the frequency rangef 50.01– 4 Hz. The re-
sults are compared with the frequency dependence of
storage and loss modulus of entangledF-actin solutions of
similar filament length, and with theoretical predictions.
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II. MATERIALS AND METHODS

A. Preparation of bacteriophages

The fd phage was prepared by a standard method@37#.
The virus suspensions were kept in a buffer solution cont
ing 3 mM Tris-Cl at a pH 8.0, 100 mM NaCl, and 1 mM
NaN3. The virus particles are stable in solution at 4 °C ov
a period of several months.

B. Electron microscopy

The negative staining technique was used to visualize
filaments by electron microscopy~EM!. Briefly, the EM
grids were coated with formvar films, followed by carbo
coating and treatment of glow discharge. A 10-ml drop of
approximately 0.1 mg/ml fd solution was deposited onto
EM grid that had been rinsed with several drops of distil
water. After adsorption for 1 min, the aqueous solution w
removed with filter paper, and the sample was negativ
stained with 0.8% uranyl acetate for 1 min. Excess liq
was again drained with filter paper. The sample was t
examined at 100 kV using a Philips CM 100 electron mic
scope. Pictures were taken using Agfa Scientia electron
age films.

C. Rheometry

Three instruments were used to obtain the viscoela
properties of fd networks. One of the three instruments, p
viously described as a magnetic tweezers rheometer@38#,
enables one to measure local viscoelastic properties o
scale of a few micrometers, therefore it is a ‘‘microrheom
ric’’ method. The other two rheometers measure mac
scopic bulk properties, which will be referred to as ‘‘ma
rorheometric’’ measurements as described below.

1. Magnetic tweezers rheometry

The physical principle and instrumental details of a hom
built magnetic tweezers rheometer have been described
viously @38–40#. Briefly, spherical superparamagnetic bea
with a diameter of 2R54.5mm ~Dynabeads M-450, Deut
sche Dynal, Hamburg! are embedded within the network
The beads are manipulated by an external magnetic
~hence the name magnetic tweezers!. The motions of single
beads induced by oscillatory magnetic fields are monito
by particle tracking using videomicroscopy and image p
cessing. The magnetic force is controlled by the voltage
nal generated by a function generator. By applying a si
soidal force of frequencyf and by recording the oscillator
voltage signal simultaneously with the induced displa
ments of the beads, the viscoelastic storage and loss mo
G8( f ) and G9( f ), respectively, can be determined follow
ing a previously described procedure@40#. The magnetic
tweezers rheometer is well suited for measurements of v
soft materials, with an applicable frequency range from
low 10 mHz up to 5 Hz.

2. Macroscopic rheometry

Independent sets of measurements were performed u
a magnetically driven rotating-disk rheometer, as descri
previously @41,42#. At the upper bound frequency above
Hz, the results from the instrument are no longer reliable
-
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the case of the fd solutions used, since the results are in
enced by the inertia of the instrument. For this reason, res
obtained with this instrument are only shown for frequenc
f ,3 Hz.

A commercial macroscopic rheometer such as a Rheom
rics RFS II ~Rheometrics Scientific, Piscataway, NJ! can
measure shear moduli as functions of frequency up to ab
15 Hz, higher than the practical limit of the home-built ma
netically driven rotating-disk rheometer. A severe limitatio
of such a commercial instrument, however, is its practi
sensitivity limit of 10210N m torque, using a cone-and-pla
pair with a diameter of 50 mm. In this work, since the ne
work strength of fd is very weak, a Rheometrics RFS
rheometer was used only for selected rheological meas
ments of high fd concentrations of 10 mg/ml or above.

III. RESULTS

With a persistence length of 2.2mm and a length of 0.9
mm, fd viruses are best described as semiflexible filame
Judged from the electron micrographs prepared by the n
tive staining technique, the dispersion of filaments forms
interconnected network~Fig. 1!. Observations based on bot
EM and separate light-scattering studies@50# confirm that the
fd filaments do not aggregate, which is an important requ
ment for the comparison of our experimental results w
theoretical predictions.

Measurements of storage and loss moduli,G8( f ) and
G9( f ), respectively, have been carried out in the frequen
range f 50.01– 4 Hz using fd solutions of concentration
cfd55 – 15 mg/ml. The results of a few representative m
surements are shown in Fig. 2. The loss modulus is lar
than the storage modulus,G9( f ).G8( f ), for all frequen-
cies below 1 Hz. At frequencies above 1 Hz, a shallow p
teaulike region withG8( f )'G9( f ) is observed based on th
microrheometric data. The loss modulus,G9( f ), exhibits an
inflection point aroundf '1 Hz. Plots of the loss tangen
G9( f )/G8( f ), suggest that its value is nearly constant af
'2 Hz, except for the two low concentrations in which cas
the data are less reliable~see the scatter on the lower righ
graph of Fig. 2!. At lower frequencies of f ,1 Hz,

FIG. 1. Negative staining electron micrograph of an fd vir
network. The scale bar at the lower right represents 100 nm.
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FIG. 2. Results from microrheological~open symbols! and macroscopic~filled symbols! measurements ofG8( f ) ~circles! andG9( f )
~squares! as a function of frequency for solutions of fd viruses of concentrationscfd515 mg/ml ~upper left!, 12.5 mg/ml~upper right!, 10
mg/ml ~middle left!, 7.5 mg/ml~middle right!, and 5 mg/ml~lower left!. All macroscopic results were obtained by rotating-disk rheome
except for the data presented in the inset ofcfd510 mg/ml, which were measured by a commercial RFS II rheometer~see Sec. II!. Lower
right: Loss tangent,G9( f )/G8( f ), in the frequency range of 0.1–4 Hz as calculated from microrheometry.L; 15 mg/ml;h, 12.5 mg/ml;
,, 10 mg/ml;^, 7.5 mg/ml;n 5 mg/ml. A constant value ofG9( f )/G8( f ) around 2 Hz can be seen at higher concentrations~solid lines!.
The data become unreliable at lower concentrations~dotted lines!.
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5512 PRE 62SCHMIDT, HINNER, SACKMANN, AND TANG
G9( f )/G8( f ) decreases with increasing frequency. Our d
for the fd samples are similar to the results obtained
entangled actin solutions with an average filament length
1.5mm @6#. For the case ofF-actin one observes the onset
a plateaulike region in theG8 versusf plot at about 0.2 Hz,
and an inflection point in theG9 versusf plot in the same
region. In order to compare the fd results with those fou
for actin networks, we attribute the flat region ofG8( f ) at 2
Hz to a plateau.

The concentration dependence of the plateau modu
GN8 (cfd), was examined by considering the value ofG8( f ) at
the fixed frequencyf 51.7 Hz. This frequency lies within the
plateaulike region for most concentrations~except for cfd
55 mg/ml!. Around this frequency, an inflection point wa
observed in theG9 versusf plot. Therefore, the correspond
ing value ofG8( f ) is assumed as the plateau modulus,GN8 ,
of the actin solution~cf. @6#!. This is an approximation, sinc
the exact position of the inflection point cannot be loca
precisely based on the measured data. The result is show
Fig. 3. It is interesting to note that the frequency at which
plateau is found does not vary markedly with concentrat
for cfd>7.5 mg/ml.

A simple power-law fit,GN8 (c)}ca, to the data of Fig. 3
in the concentration range of 5–15 mg/ml results in a pow
a51.460.3 ~drawn line in Fig. 3!. We obtain the same
power law, if the mean value ofG8( f ) in the range f
51.3– 2.2 Hz is plotted against concentration~data not
shown!. Thus the data from microrheometric measureme
of fd phages agree well with a scaling behavior of the plat
modulus GN8 }cfd

1.4, previously observed for entangle
F-actin solutions@6,43#. This behavior was also predicted b
recent theoretical analysis@6,8,15#.

The macroscopic measurements with the rotating-d
rheometer yield reliable results forcfd510– 15 mg/ml at fre-
quencies up to 1.1 Hz, while the data severely scatter ab
this limit ~not shown!. Values ofG8( f 51.1 Hz) obtained by
macroscopic measurements are also plotted in Fig. 3. T
results suggest the same scaling behavior forGN8 (cfd) as mi-

FIG. 3. Plateau modulus,GN8 , of fd virus solutions as a function
of concentration. Plot of storage modulus at frequencyf 51.7 Hz
from microrheological measurements~s! and at f 51.1 Hz from
macroscopic measurements~d!. The straight line is a power-law fi
to the microrheological results of the identified plateau values.
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crorheometry. There is no significant discrepancy betw
the macroscopic and microscopic values forGN8 , as dis-
played in Fig. 3, sinceG8 has been evaluated at differe
frequencies. The relation between microrheology and m
rorheology forF-actin solutions has been studied and d
cussed elsewhere@39#.

The fd solutions exhibit liquidlike features in the fre
quency range below the plateau region (f ,1 Hz), and this
behavior extends over most of the observed frequency ra
In the following, we explore the frequency dependence
the viscoelastic moduli by considering only the data obtain
by microrheological measurements, since microrheolog
and macrorheological results agree quite well but the
crorheometric data extend over a broader range of frequ
cies. The results for several concentrations are summar
in Fig. 4. By analyzing the results in terms of scaling law
we find empiricallyG8( f )} f 0.9– 1.2andG9( f )} f 0.7– 0.9, re-
spectively. The exponent forG8( f ) increases slightly with
decreasing concentrations, while forG9( f ), the variation is
smaller and falls within the experimental uncertainty.

FIG. 4. Power-law behavior ofG8( f ) ~a! andG9( f ) ~b! at the
low-frequency regime. The data from the microrheological m
surements of Fig. 2 are shown. The straight lines represent bes
of scaling laws in the respective frequency range for the follow
five concentrations: 15 mg/ml~s!, 12.5 mg/ml~h!, 10 mg/ml~n!,
7.5 mg/ml~L!, and 5 mg/ml~,!.
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PRE 62 5513VISCOELASTIC PROPERTIES OF SEMIFLEXIBLE . . .
The dynamic shear viscosity of the fd virus solutions c
be calculated fromG9( f ) by using the relationh( f )
5G9( f )/2p f . The results of this analysis are shown in F
5~a!. Since the value ofh( f ) is approximately constant a
f <0.03 Hz, the valueh ~0.03 Hz! is taken as a good ap
proximation of the zero-shear viscosityh05 lim f→0 h(t).
The values thus obtained are shown as a function of fd c
centration in Fig. 5~b!. Note that at 0.03 Hz the value o
h( f ) is not exactly constant, especially for the solutio
with higher cfd . As a consequence, the real value of t
zero-shear viscosity is not yet reached. A simple fit to t
low shear viscosity data suggests that the dependence oh0

on concentration can be described by a power lawh0}cfd
2.6

@Fig. 5~b!#. For rigid rods one expectsh0}c3 @44#.
Finally, the terminal relaxation time,td , was obtained

using the conditionG8(1/td)5GN8 /2 @6#. A linear scaling
with concentration,td}c, was found~Fig. 6!, while for rigid

FIG. 5. Frequency and concentration dependence of the
namic viscosity of fd solutions.~a! Dynamic viscosity as a function
of frequency for fd concentrations of 15 mg/ml~s!; 12.5 mg/ml
~h!; 10 mg/ml ~n!; 7.5 mg/ml ~L!; and 5 mg/ml~,!. All values
are calculated based on theG9 data of Fig. 2.~b! Concentration
dependence of zero-shear viscosity,h0 , estimated from the low-
frequency saturation behavior of the dynamic shear viscosity
described in the text. The value ofh( f ) at f 50.03 Hz is used as a
measure forh0 . The line fit corresponds to a slope of 2.6.
n

.

n-

s

rodstd}c2 is expected@44#.

IV. DISCUSSION

We studied the viscoelastic properties of solutions of
filamentous bacteriophage fd, which is an excellent mode
entangled networks of monodisperse semiflexible filame
The viscoelastic moduli were measured by macroscopic
microscopic rheometry over a frequency range off
50.001– 4 Hz and for concentrations varying from 5 to
mg/ml corresponding to volume fractions off fd56.4
31023 to 231022. At these volume fractions, fd forms iso
tropic networks under the ionic conditions used in our e
periments, and the spontaneous formation of a liquid crys
line phase does not occur at concentrations below 20 mg
@34#.

We shall discuss our findings in the context of recen
developed theoretical concepts for rheology of entang
semiflexible polymer solutions. In particular, we will com
pare the rheologic properties of fd to those found forF-actin
of similar filament length, such asLactin51.5mm @6#. The
concentration range of theseF-actin solutions was from
cactin51.35– 4.5 mg/ml, which corresponds to volume fra
tions from factin5231023 to 6.731023. In all cases the
F-actin solutions were isotropic as well. The mesh size of
fd network is defined similarly to that ofF-actin using the
empirical relationship

jm5j0S c

1 mg/mlD
1/2

~Ref. @45#!. The numerical coefficientj0 was experimentally
determined to be 0.35mm for pure actin solutions@45#. We
adoptj050.6mm in the discussion here, which gives rise
the best agreement between theoretical predictions and
perimental values of the plateau modulusGN8 for 1.5-mm
actin solutions@6# and also for fd solutions, as will be show
below. The mesh size ranged for actin from 0.24 to 0.43mm,
and for fd from 0.16 to 0.26mm. In order to estimate the
entanglement lengthLe and the tube diameterde , respec-
tively, we apply the simple scaling relationshipLe

y-

s

FIG. 6. Concentration dependence of terminal relaxation time
fd virus solution. A power-law fit gives rise to a scaling exponent
1, shown as a straight line through the data.
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5514 PRE 62SCHMIDT, HINNER, SACKMANN, AND TANG
}Lp(cLLp
2)22/5 and de}Lp(cLLp

2)23/5 @17#. By taking L

50.9mm as the filament length andLp52.2mm as the per-
sistence length of fd, one obtainsLe5115 nm and de

526 nm in a 10 mg/ml fd solution. Thus by using the abo
scaling relations, a 10 mg/ml fd solution is highly entangl
and the tube model predicts on average eight collisions
filament. The small tube diameter and the relatively la
collision number approximately satisfy the criteria of rece
theoretical models@6,8,15# despite the short filament lengt
of only 0.9mm.

As it has been pointed out in more detail in Sec. III,
slanted and narrow plateau or a plateaulike region is foun
the frequency rangef >2 Hz ~Fig. 2!. For 1.5mm F-actin a
similar region was found around 0.2 Hz@6#. This shift in
frequency is due to the larger average filament length of
actin samples. The values ofGN8 range for fd from 0.35 to
2.1 Pa and for 1.5mm F-actin from 0.10 to 0.43 Pa. Thi
difference reflects the higher concentrations and smaller
sistence length of the fd virus. One important possibility
test theoretical predictions against experimental data is
consider the variation of the plateau modulus,GN8 , with con-
centration. A scaling law ofGN8 }cA

7/5 is expected on the basi
of theoretical predictions for semiflexible polymers@6,8,15#.
Recent experimental studies of the case ofF-actin confirm
this prediction@6,43#. The same behavior is found for solu
tions of fd, if one considers the whole range of concentrat
of 5<cfd<15 mg/ml ~cf. the drawn line in Fig. 3!.

We now compare recent theoretical predictions with o
experimental results concerning the storage modulus in
plateaulike region. A series of recent papers by Morse p
dict the viscoelastic behavior of a semiflexible polymer n
work based on a detailed calculation of a stress tensor@13–
15#, considering local forces and torques. The response t
oscillatory deformation of a semiflexible filament netwo
may be separated into several terms, which have distinct
well separated values and decay times. First, a rapid dis
tion of the network will result at short time scales in th
stretching or compression of the randomly curved filame
which gives rise to a large tensional stress. The tensio
stress has been previously analyzed in detail by MacKint
et al. @10#. Second, the subsequent shear deformation of
network~which is a much slower process! causes bending o
the filaments, which leads to a curvature stress. Certain
tures of the curvature stress have also been predicted
other treatments, such as its dependence on concentrati
be c7/5 @6,8,11#. Third, the deformation causes changes
filament orientation, thus giving rise to an orientation
stress. The orientational stress is negligibly small for lo
and flexible polymers (L@Lp), while for suspensions o
rigid rods it is the only stress term@44#.

Morse’s theoretical estimate of the storage modulus
be compared to our values for the plateau modulus,GN8 , by
assuming that the curvature stress is the dominant term.
ing the 10 mg/ml fd sample for example, a simple estim
of the curvature stress usingGcurve'(nL/Le)kBT ~wheren
denotes the number density of filaments,kB the Boltzmann
constant, andT the absolute temperature! @13# gives a value
of 12 Pa. This estimated value is a few times higher than
measured value at the high-frequency limit of 4 Hz, whi
could be due to neglecting a numerical prefactor in the t
er
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oretical estimate, or to the fact that the experimental f
quency has not reached the plateau region.

The theoretical approach of Hinneret al. @6# leads to a
prediction of absolute values ofGN8 . The interaction of the
polymers with each other is described by means of the t
concept, developed by Odijk@46# and Semenov@17# for
semiflexible polymers. Modes of wavelengths smaller th
the entanglement lengthLe are already equilibrated on th
time scale of the plateau regime. Consequently, the
coelastic response of entangled solutions is dominated by
steric interaction between the tubes, confining the motion
each polymer chain. The plateau modulus of a solution
such tubes can be expressed in terms of a virial expans
This approach is similar to that accepted to determine
osmotic pressure of dispersed rods@47#, except that it is ap-
plied to tubes instead of filaments. With this concept, o
obtainsGN8 5 9

5 (kBT/jm
2 Le) and Le'0.58jm

4/5Lp
4/5. Applying

this equation while taking a numerical coefficient ofj0
50.6mm for the estimation of the mesh size, i.e.,

jm50.6mm3S c

1 mg/ml
D1/2

,

one finds a remarkably good agreement between theory
experiment: the theoretical curve coincides with the dra
line in Fig. 3.

Now we shall compare the dynamic properties of the
tangled fd virus andF-actin solutions. The estimated value
of the zero shear viscosity of the fd samples range fr
5.831022 to 1.1 Pa s. For 1.5mm F-actin it was not possible
to extrapolate to the limiting frequency,f→0, since no satu-
ration of the viscosity occurred within the accessible f
quency range@51#. In the latter case the viscosity at th
smallest frequency,f 5231024 Hz, ranges from 2.7 to 9.4
Pa s. For the concentration dependence of the approxim
zero-shear viscosity of the fd solution, we find a scaling l
h0}c2.6 @Fig. 5~b!#. This result can be well understood i
terms of a modified Doi model. In its original form, thi
model predicts a scaling lawh0}c3 for solutions of rigid
rods in the semidilute and concentrated regime@44#. It is
possible to extend this model to treat semiflexible filame
in the following way @48#: h0 is related toGN8 and the
terminal relaxation time,td , by the relation

h0'GN8 td , ~4.1!

wheretd scales with the reciprocal coefficient of rotation
diffusion, Dr , as

td5
1

6Dr
. ~4.2!

For the semidilute to concentrated regime,Dr can be ob-
tained from the rotational diffusion coefficient for dilute s
lutions,Dr0 , by using the relation@44#

Dr}Dr0~d/L !2, ~4.3!

whered denotes the tube diameter andL the contour length
of the filaments. The dependence ofDr on the factor (d/L)2

holds for rigid rods as well as for semiflexible filaments. F
the semiflexible case,d obeys the scaling relation@17#
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FIG. 7. Comparison between measured sh
moduli for a concentration of 10 mg/ml with the
oretical predictions based on the analysis
Morse @13#. Solid and hollow symbols represen
G8 and G9, respectively. Circles, triangles, an
diamonds indicate measurements by the RFS
rotating disk, and magnetic beads rheometry,
spectively.
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d}c23/5Lp
21/5, ~4.4!

whereas for rigid rodsd}c21L22 @44#. Combining Eqs.
~4.2!–~4.4! yields the terminal relaxation time of semiflex
ible filaments,

td}c6/5, ~4.5!

while td}c2 holds for rigid rods@44#. Furthermore, for semi-
flexible filaments the plateau modulus depends on concen
tion as@6,8,11#

GN8 }c7/5, ~4.6!

whereasGN8 }c for rigid rods @44#. Inserting Eqs.~4.5! and
~4.6! into Eq. ~4.1! yields, finally,

h0}c13/5 ~4.7!

for the zero-shear viscosity of solutions of semiflexible fi
ments. The scaling relation~4.7! is in excellent agreemen
with our experimental finding ofh0}cfd

2.6. Furthermore, if all
numerical prefactors are retained through the above der
tion, one obtains

h059.431023 Pa s3S c

1 mg/ml
D13/5

.

a-

-

a-

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

The values of the terminal relaxation time,td , of the fd
solutions range from 0.7 to 2 s. Figure 6 shows thattd scales
linearly with concentration. As derived above@cf. Eq. ~4.5!#,
an exponent of 6/5 is expected for semiflexible polymers
opposed to 2 for rigid rods. Comparison of the experimen
and the theoretical values shows that theory and experim
differ by a factor of 10. This means that the reptation tub
decay faster than theoretically predicted. ForF-actin fila-
ments of 1.5-mm contour length, one obtains values oftd
between 25 and 55 s, which do not systematically depend
concentration@50#.

In conclusion it is possible to compare the static scal
laws of the plateau modulus of the fd virus andF-actin,
whereas the scaling behavior of dynamic properties, suc
the zero-shear viscosity and the terminal relaxation time,
only be studied in the case of the fd virus. Note that althou
F-actin and fd filaments compared in this study have sim
dimensions, they differ significantly with regard to polydi
persity, which may strongly affect the network properties

Finally, we compare the measured viscoelastic impeda
spectra,G8( f ) andG9( f ), with the calculated values for th
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complete frequency range by applying the recently publis
theory of Morse@13# ~Fig. 7!. This theory predicts the quali
tative behavior for the complete spectra, but does not
predict very well absolute values. Therefore, we treated
solvent viscosity, entanglement length, and tube diamete
free parameters to obtain the best fit between theoretical
dictions and experimental data. Best fit was obtained by
ing a value of 0.63mm for the entanglement length@imply-
ing a prefactor of 5.6 in the expression ofLe

}Lp(cLLp
2)22/5# and 76 nm for tube diameter. In Fig. 7, th

G8 andG9 values calculated according to Morse@13# for a
10 mg/ml fd solution are compared with the experimen
data obtained by microrheometry and macrorheome
Given the variance among the experimental data of the
ferent techniques, their overall agreement with the theor
cal curves is reasonably good with a few notable exceptio
For instance, the analysis by Morse predicts a broad pla
for storage modulus while the experiments show a rat
narrow and slanted plateau, casting doubts about the a
cability of the theoretical approach. We note that the narro
ing of the plateau region has also been found in meas
ments of F-actin solutions with short average filame
lengths down to 1.5mm @50#.

Our measurements of fd solutions reveal interest
features of semiflexible filaments at low frequencies. In
regime of viscous flow, one would expect solutions of sem
flexible filaments to behave more like rigid rods, since t
undulatory excitations are completely damped out. In t
case, similar to the behavior of flexible chains, a scal
behavior ofG8( f )} f 2 andG9( f )} f 1 is expected@44#. This
behavior can be understood in terms of a simple Maxw
model equivalent to mechanical circuits@1#. Our measure-
ments show that the frequency dependence for solut
of the semiflexible fd virus is remarkably weaker. We fin
G8( f )} f 0.9– 1.2 and G9( f )} f 0.7– 0.9 over one order of mag
l

d

et
e
as
e-
s-

l
y.
f-
ti-
s.
au
r
li-
-
e-

g
e
i-
e
s
g

ll

ns

nitude. The calculation by Morse predicts an exponent cl
to 1 for the scaling ofG8( f ) at frequenciesf just below
the plateau. However, our data suggest that the trans
to the rigid-rod-like behavior would only occur at muc
lower frequencies than probed by the current rheolog
measurements.

In summary, solutions of fd exhibit certain viscoelas
features that resemble those of solutions ofF-actin of short
mean filament length, including a narrow and slanted plat
region, a power lawGN8 }cA

7/5 for the plateau modulus, and
terminal relaxation time in the range of a few seconds. Us
two independent species of semiflexible filaments to test
theoretical treatment ensures that the experimental result
not due to peculiar features of one particular system. Des
the remarkable similarities between the two types of se
flexible filaments, the short bacteriophage filaments sh
some distinct features, which are not observed for soluti
of F-actin. The most notable feature is an anomalous
quency dependence of the viscoelastic storage and
moduli below the plateau regime. In future studies, we w
attempt to perform measurements in a broader freque
range, especially by extending measurements to hig
frequency regimes, for which interesting predictions ha
been made by several recent theoretical analyses@5,13,49#.
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