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We report herein the first evidence that an F-actin solution shows shear banding, which is characterized

by the spontaneous separation of homogeneous shear flow into two macroscopic domains of different

definite shear rates. The constant shear stress observed in the F-actin solution is explained by the banded

flow with volume fractions that obey the lever rule. Nonhomogenous reversible flows were observed in the

F-actin solution with respect to upward and downward changes in the shear rate. This is the first time shear

banding has been observed in a simple biomacromolecule. The biological implications and dynamic

aspects of shear flow velocity characteristic patterns are discussed.
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Introduction.—Biomacromolecules are of great interest
because they are closely related to the physiological func-
tions in a cell. One such biomacromolecule, actin, is one
of the most abundant proteins in eukaryotic cells and is a
major component of the cytoskeleton, cortex, and proto-
plasm; in a sense, cells are actin solutions [1].

Actin molecules assemble in aqueous solutions to form
long filamentous structures (F-actin) [2]. These rodlike
molecules form temporal network structures even at low
concentrations, and show nonlinear rheological responses.
Investigation into the rheological behavior of actin solu-
tions [3] is essential to understand the flow, deformation,
and transport properties of the protoplasm, which are
closely related to functions such as its motility, morphol-
ogy, and cytokinetics.

In 1974 Maruyama et al. precisely measured the viscos-
ity of purified F-actin solution as a function of shear rate _�,
and found that the viscosity was inversely proportional to _�
in the range 0:0005 � _� � 5:0 s�1 [4]. This result indi-
cates that shear stress (given by shear rate � the viscosity)
is constant in the shear rate range. This finding was con-
firmed by other investigators [5], and is referred to as
indeterminate fluid behavior because the shear rate cannot
be uniquely determined at constant stress. The origin and
mechanism of the behavior of F-actin solutions remains
unclear.

However, if we turn our attention to the field of com-
plex fluids such as polymer and surfactant solutions,
several systems exhibit constant shear stress [6,7], which
is referred to as the stress plateau. The best-investigated
examples of such systems are surfactant solutions of cetyl-
pyridinium chloride or cetyltrimethylammonium bromide,

in which surfactants aggregate to form long cylindrical
structures, wormlike micelles. In these solutions the
appearance of the stress plateau is recognized as a conse-
quence of shear-induced phase transition, shear banding.
Shear banding is a phenomenon in which the homo-

geneous shear flow spontaneously separates into two
macroscopic domains (bands) of different definite shear
rates, _�1 and _�2 ( _�1 < _�2). These two domains have a
common shear stress � as � ¼ �1 _�1 ¼ �2 _�2, where �1

and �2 are constant viscosities of the two domains, respec-
tively (�1 >�2). If the applied shear rate �_� (given by the
relative speed of the two plates in the rheometer divided
by the distance between the plates) varies in the range of
_�1 < �_� < _�2, and the volume fractions of the two domains
satisfy the relation, called the lever rule

�_� ¼ ð1��Þ _�1 þ� _�2; (1)

where � is the volume fraction of the domain with the
shear rate _�2, the shear stress turns out to be constant in
_�1 < �_� < _�2. This is the shear banding scenario [8] and its
validity has been checked by various experimental tech-
niques such as NMR and birefringence [9–11].
In addition, the mesostructural or microstructural

change in the solution is thought to be the mechanism
behind shear banding in complex fluids. For example, in
the case of the surfactant solutions (cetylpyridinium chlor-
ide and cetyltrimethylammonium bromide), wormlike
micelles entangle each other and form a network. The
network and the wormlike micelles themselves are sto-
chastically broken and reconstructed at equilibrium with
some relaxation time, denoted by �R. The time �R is related
to those times of the disentanglement (reptation) and
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breakage of the micelles [8]. When the applied shear rate is
lower than the characteristic shear rate 1=�R ( ’ _�1), the
system is homogeneous and its viscosity is high. However,
when the applied shear rate exceeds the characteristic shear
rate 1=�R, the microscopic structure begins to break and
align in a particular direction determined by the flow. In
general, breakage and orientation of the filamentous struc-
tures reduce their viscosity, so that high and low shear rate
domains can coexist at applied shear rates beyond _�1.

Given that F-actin is also a reversible filamentous struc-
ture [12] and that its network structure is affected by the
shear flow, it is reasonable to expect that the origin of the
indeterminate fluid behavior observed in F-actin solutions
is a banded flow whose volume fractions obey the lever
rule, Eq. (1).

Here, to address this expectation, we carried out direct
observations of the flow profile in the F-actin solution
under simple shear flow using the particle image veloci-
metry (PIV) [13,14]. Last, we discuss the biological mean-
ings and functions of shear banding in actin solutions,
referring to the plug flow observed in the slime mold
Physarum polycephalum [15] and in other amoeba [16].

Preparation of F-actin solution.—Crude globular actin
(G-actin) was extracted from acetone powder of chicken
breast muscle. The G-actin was purified according to the
method of Spudich andWatt [17] and dissolved in G-buffer
(1 mM NaHCO3 (pH8:0), 2.0 mM ATP, 2.0 mM CaCl2,
0.1 mM DTT) at 4 �C. KCl is a regulation factor of G-actin
polymerization, so that the final concentration of KCl was
set on 0.1 M in G-buffer [4]. The actin concentration in the
solutions was 0:6 mg=ml. The G-actin concentration was
determined by the Bradford method using bovine serum
albumin as a standard protein.

Measurements of shear stress and flow velocity
profile.—Rheological measurements were made using a
cone-plate rheometer (MCR301, Anton Paar) with diame-
ter of 50 mm. We also performed PIV measurements to
obtain flow velocity profiles under shear flow. To achieve
this, the bottom plate of the rheometer was replaced by a
thin glass plate, through which carboxylate-modified fluo-
rescence beads (1 �m in diameter, FluoSpheres F8823,
invitrogen) dispersed in F-actin solutions were observed
with a confocal scanning laser microscope (CSLM) (IX71,
Olympus and CSU22, Yokogawa), as shown in Fig. 1(a).
The observations were taken 5.7 mm from the center of the
upper rotating plate, where the gap was 94 �m. The focal
plane or the objective lens was periodically moved up and
down by a piezoactuator (P-721.10, PI) attached to a water-
immersion objective lens (40� ). A triangular voltage of
2.5 Hz was applied to the piezoactuator so that the focal
plane oscillated vertically with a span of 130 �m covering
the gap, as shown in Fig. 1(b). Two hundred images (200�
200 �m) were captured per oscillation period of (0.4 s).
In a steady state, we calculated the average displacement
of particles during a period at each height from the cross

correlation between two time-successive images. The
velocity obtained from the displacement was further aver-
aged over five periods.
Figure 2 shows several images of fluorescent beads for

consecutive planes in a stack obtained at 1:00 s�1. Image
(a) covers all of the observed region (200� 200 �m) in the
plane located at z ¼ 45 �m. We made the bead concentra-
tion (0.004 vol%) as low as possible so that the beads would
not affect the rheological property of the F-actin solution.
Images (b1)–(b6) show different planes of the same
enclosed area as in image (a). The height difference
between the consecutive images is 1:3 �m. One bead is
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FIG. 1. (a) Schematic illustration of the system combining a
rheometer and CSLM. (b) Schematic geometry of the observa-
tion region. Observation images were captured vertically every
1:3 �m.
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FIG. 2. Measurements of flow velocity profile. (a),(b) Several
images of fluorescence beads for consecutive planes in a stack
obtained at 1:00 s�1. Image (a) is the full image of the observed
area (200� 200 �m), and images (b1)–(b6) are the same en-
closed area as in image (a). Image (a) is located at z ¼ 45 �m,
and the height of the other images increases from (b1) to (b6) by
1:3 �m. (c) Cross correlation between two time-successive
images at z ¼ 45 �m, according to PIV measurement.
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clearly observed in the area in images (b2)–(b5), indicat-
ing that the vertical resolution is about 5 �m. According
to the PIV method, the cross correlation between two
time-successive images at z ¼ 45 �m is shown in
Fig. 2(c). There is one sharp peak, which certifies sample
homogeneity.

Rheological behavior of the bulk solution.—Figure 3
shows the dependency of shear stress and viscosity with
respect to stepwise upward changes in applied shear rate �_�
from 0.01 to 2:00 s�1. The shear stress and viscosity on
each step of �_� were measured repeatedly every second for
15 min. This time interval of 15 min was long enough for
the system to attain the steady state. The data point on the
figure indicates the mean average value over the 15 min of
each step. The viscosity showed a tendency of shear thin-
ning, and was roughly proportional to ðshear rateÞ�1 so that
the shear stress was approximately constant. We observed
that in the range of �_� from 0.08 to 2:00 s�1, the slope of the
stress-shear rate relation was smaller than that of lower
region from 0.01 to 0:08 s�1. In a higher region from 2.00
to 100 s�1, the stress was increased more rapidly (data not
shown). This result is consistent with a previous study [4],
although the absolute values of physical parameters were
different. Hereafter, we call the region of the stress-shear
rate relation for the intermediate �_� (0:08–1:50 s�1) the
stress plateau.

Shear banding in the region of stress plateau.—Figure 4
shows the profiles of flow velocity measured along the
gradient direction (z position) of shear rate applied
between two plates. After 12 min from the beginning of
each shear rate �_�, the flow velocity was measured for 1 s
and the measurement was repeated 5 times. Each data
point in Fig. 4 was a mean value of the 5 repeats.
Nonhomogeneous flows composed of high and low shear
rate regions were observed at applied shear rates of 0.16
to 1:50 s�1. For example, at 0:64 s�1 the low shear rate
region extended from 20 to 70 �m of the z position, while
two high shear rate regions extended from 0 to 20 �m and
70 to 90 �m. Figure 5 shows the dependency of the low

shear rate region width on shear rates. The bandwidth
decreased in proportion to the applied shear rate, and clear
proportionality was observed. The region of shear rate in
which banded flows was observed coincides with the
region in which stress plateau appeared in the stress-shear
rate curve.
Nonhomogenous reversible flows were observed in the

F-actin solution with respect to downward changes in the
shear rate, i.e., the velocity profiles did not show the flow
history.
Since the nonhomogeneous flow appeared at

�_� ¼ 0:08 s�1 and disappeared at �_� ¼ 1:75 s�1, we could
estimate _�1 and _�2 defined in Eq. (1) as _�1 < 0:08 s�1 and
_�2 ¼ 1:75 s�1. More explicitly, we estimated _�1 as
_�1 ¼ 0:0075 s�1 from a least-squares fit to the low shear
rate domain at �_� ¼ 0:08 s�1 in Fig. 4. With these values of
_�1 and _�2 and according to the lever rule Eq. (1) we drew
the dashed lines in Fig. 4. Obviously, these dashed lines
were in good agreement with the boundaries between the
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FIG. 3. Dependency of the shear stress and viscosity of F-actin
solution with respect to upward changes in shear rate from 0.01
to 2:00 s�1.
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FIG. 4. Profiles of flow velocity measured along the gradient
direction (z position) of the shear rate applied between two
plates, at various shear rates from 0.08 to 1:75 s�1. While the
shear rate in the low shear rate region slightly increased with the
applied shear rate, we can clearly distinguish the low and high
shear rate regions.
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FIG. 5. Linear dependence of width of the low shear rate
region on the applied shear rates.
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low and high regions of the velocity profiled obtained in
the experiments.

Conclusion and discussion.—We observed the velocity
profiles of an F-actin solution under shear flow using the
PIV technique and showed nonhomogeneous flows in the
direction of the velocity gradient. The changes in volume
fractions of the banded flow that satisfy the lever rule
explain the stress plateau of the F-actin solution.

After the initial observation of F-actin solution constant
shear stress by Maruyama et al. [4], some investigators
suggested that solution nonhomogeneity may be a key to
understanding the indeterminate fluid [18,19]. For example,
Kerst et al. revealed the existence of ‘‘polycrystalline
domains’’ of actin filaments at relatively high actin con-
centrations (> 6 mg=ml) using birefringence experi-
ments [18].

While nonhomogeneous flow of the F-actin solution was
demonstrated more directly in the present study, the micro-
structural or mesostructural states of the actin filaments at
each domain (high and low shear rate regions) remain
unknown. Several questions also remain to be answered,
including whether the actin filament network breaks in the
high shear rate regions, and if the actin molecular densities
are the same in each domain. Since the mean length and
persistence length of actin filaments are of the order of�m
[20], the mesostructure of F-actin under flow is likely to be
easy to investigate.

Cates et al. [8] stated that the characteristic relaxation
time of the wormlike micelles, �R, is related to when the
characteristic shear rate, _�1, at the onset of shear banding is
_�1 ’ 1=�R. This prediction was confirmed in several
experiments on the surfactant solutions [6]. If the origin
and mechanism of F-actin shear banding are the same as
those of surfactant solutions, the same relationship is
expected to hold. Here, since nonhomogeneous flows
appeared within 2 min of the shear rate being changed,
we can estimate the relaxation time of F-actin solutions to
be several tens of seconds. If we assume the �R of F-actin
solutions is 10–100 s, then the characteristic shear rate is
0:01–0:1 s�1. This approximately corresponds to the ex-
perimental value, suggesting that the origin and mecha-
nism of F-actin shear banding are similar to those of
surfactant solutions.

We discuss the biological implication of shear banding
in an F-actin solution. The shear rate for shear banding was
0:1–1:5 s�1, which corresponds to the speed of pseudopod
extension and cell migration in some relatively large amoe-
bas like true slime molds such as Physarum polycephalum
and Amoeba proteus. The pseudopod is a local protrusion
of the cell body that is pushed by protoplasmic flow from
within, in a form of extension that is nonhomogeneous in
space. As this also represents instability of homogeneous

flow, the rheological property may play a role in amoeboid
movement.
P. polycephalum and A. proteus contain intracellular

channels through which the protoplasmic flow is faster
than in the vicinity. This represents another instability of
homogeneous flow and may also result from the rheolog-
ical property. Thus, it is plausible that the occurrence of
shear banding is closely related to the control of cell
behaviors.
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