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Viscoelastic Response of a Complex Fluid at Intermediate Distances
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The viscoelastic response of complex fluids is length- and time-scale dependent, encoding information
on intrinsic dynamic correlations and mesoscopic structure. We study the length scale above which bulk
viscoelasticity sets in, and the material response that precedes it at shorter distances. We show that the
crossover between these two regimes may appear at a surprisingly large distance. We generalize the
framework of microrheology to include both regimes and apply it to F-actin networks, thereby extracting
their dynamic correlation length from their bulk and local viscoelastic properties.

DOI: 10.1103/PhysRevLett.112.088301 PACS numbers: 47.57.Qk, 87.16.dm, 87.16.dj, 87.16.Ln

Most fluids in nature and industry are complex, or
structured [1], in the sense that they include mesoscopic
elements in between the molecular and macroscopic scales.
For example, in suspensions, micron-scale solid particles
are dispersed in a molecular fluid, and in polymer gels the
polymer chains form a network embedded within a
molecular solvent. Consequently, the response of complex
fluids to stress is characterized by intermediate length and
time scales.
The bulk viscoelastic response of such materials is

commonly measured using macrorheology [2]. Similar
information, for a wider frequency range and smaller
material quantity, can be extracted from microrheology
by following the motions of embedded tracer particles
[3–8]. In one-point (1P) microrheology [3–5] the thermal
fluctuations of a single particle are used to infer the
viscoelastic properties of the medium via a generalized
Stokes-Einstein relation (GSER). It has been found that this
measurement is affected by the local environment of the
tracer particle [9,10], and thus, may fail to reproduce the
material’s bulk response. Two-point (2P) microrheology [6]
overcomes this obstacle by tracking the correlated motions
of particle pairs as a function of their separation. 2P
measurements have focused on asymptotically large sep-
arations, where the pair correlation has a universal form due
to momentum conservation.
The current Letter addresses two questions: (i) Beyond

what length scale does the bulk viscoelastic behavior
emerge? (ii) What is the material response at smaller length
scales? We find that the leading correction to the asymp-
totic behavior at large distances, referred to, hereafter, as
the subdominant response, may be unexpectedly large,
causing the bulk response to set in at surprisingly large
distances. The physical origin of the subdominant response,
which is unique to complex fluids, is different from that of
the asymptotic one. It is related as well to a conservation
law (of fluid mass rather than momentum), resulting in a

generic system-independent form. The study of this dis-
tinctive regime leads to a more complete description of the
complex-fluid response.
We first derive the generic form of the subdominant

response and, subsequently, confirm the general predictions
in a specific theoretical example, the two-fluid model of
polymer gels [8,11,12]. Extending the framework of micro-
rheology to include the subdominant term, we validate its
significant effect in a model experimental system,
entangled F-actin networks of various concentrations.
We set the stage by recalling the classical Stokes problem

of a rigid sphere of radius a, driven by a steady force F
through an incompressible fluid of viscosity η [13]. The
fluid velocity at position r away from the sphere’s center is
given by vðrÞ¼v1þv2, with v1α ¼ð8πηrÞ−1ðδαβþ r̂αr̂βÞFβ

and v2α ¼ a2ð24πηr3Þ−1ðδαβ − 3r̂αr̂βÞFβ, where Greek
indices denote the coordinates (x, y, z), and repeated
indices are summed over. The dominant term at large
distances, v1, is the flow due to a force monopole F. Its r−1
decay is dictated by momentum conservation, ensuring that
the integrated momentum flux (proportional to ∇v1 ∼ r−2)
through any closed surface around the sphere remain fixed.
This dominant response can be decomposed into longi-
tudinal and transverse components (force and velocity
parallel and perpendicular to r, respectively), v1∥ ¼
ð4πηrÞ−1F∥, v1⊥ ¼ ð8πηrÞ−1F⊥, both of which are pos-
itive. Turning to the subdominant v2, we point out the
largely overlooked fact that it is actually made of two
contributions, having the same spatial form but opposite
signs and different physical origins, v2 ¼ v2f þ v2m. The
first, v2f ¼ 3v2, is the flow due to a force quadrupole
Qγαβ ¼ 1

2
a2δγαFβ. We focus our attention on the opposite

contribution, v2m ¼ −2v2. It is the flow due to a mass
dipole m ¼ −½a2=ð3ηÞ�F ¼ −2πa3U, created opposite
to the direction of the sphere’s displacement, where
U ¼ ð6πηaÞ−1F is the sphere’s velocity. The net subdomi-
nant term introduces a negative correction to the
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longitudinal response, v2∥ ¼ −a2ð12πηr3Þ−1F∥, and a
positive correction to the transverse one,
v2⊥ ¼ a2ð24πηr3Þ−1F⊥. Since the simple fluid has no
intrinsic length scale, these corrections vanish as a → 0.
Now, contrast the above with the case of an isotropic

viscoelastic medium [14], having a frequency-dependent
complex shear modulus GðωÞ ¼ G0ðωÞ þ iG00ðωÞ [i.e.,
bulk shear viscosity ηbðωÞ ¼ GðωÞ=ð−iωÞ]. Dynamic cor-
relations in the medium (as measured, e.g., by dynamic
scattering) decay with a characteristic correlation length ξd,
which in polymer solutions is believed to coincide
with the static mesh size ξs [11]. Consider a sphere of
radius a, driven through the medium by an oscillatory
force Fe−iωt. At sufficiently large distances the medium
velocity must be dominated by the monopolar v1α ¼
ð8πηbrÞ−1ðδαβ þ r̂αr̂βÞFβ, for the same momentum-con-
servation reasons given above. This is the basis of present
2P microrheology [6–8]. The two subdominant r−3 con-
tributions, however, become separated. Consider first the
limit a=ξd → 0, for which the separation is largest.
(Because of the intrinsic length scale ξd, v2 does not
vanish in this case.) The force quadrupole,Q ∼ ξ2dF, creates
a flow v2f ∼ ξ2dðηbr3Þ−1F, dependent (like the monopolar
v1) on bulk viscosity. By contrast, the mass dipole in this
limit arises from fluid displacement at scales smaller than
ξd, where the relevant viscosity is the solvent’s, η; hence,
m ∼ −ðξ2d=ηÞF, creating a flow v2m ∼ −ξ2dðηr3Þ−1F. Thus,
v2m is enhanced relative to v2f by a factor of ηb=η, which is
typically very large. In such a case of a large contrast
between local and bulk response, the mass-dipole term
takes over the subdominant response and changes its sign,
v2α ≃ v2m;α ∼ −ξ2dðηr3Þ−1ðδαβ − 3r̂αr̂βÞFβ. This has two
distinctive consequences: (a) The corrections to the longi-
tudinal and transverse responses flip signs, v2∥ ¼
ξ2dðηr3Þ−1F∥, v2⊥ ∼ −ξ2dðηr3Þ−1F⊥. (b) The crossover to
the asymptotic r−1 term is pushed further to a distance
rc ∼ ðηb=ηÞ1=2ξd ≫ ξd. In the opposite limit of an arbitrar-
ily large sphere, a=ξd → ∞, only bulk properties matter,
and we have Q ∼ a2F, m ∼ −ða2=ηbÞF, making v2f and
v2m comparable again. To interpolate between the two
limits, we define a local viscosity at the scale of the probe,
ηl ≡ F=ð6πaUÞ, as determined from the sphere’s velocity
[15]. Additionally, dimensionless scale functions may be
introduced, satisfying Q ¼ a2fðξd=aÞF and m ¼
−ða2=ηlÞgðξd=aÞF, such that both fðxÞ and gðxÞ inter-
polate between values ∼1 for x ≪ 1 and ∼x2 for x ≫ 1.
We demonstrate the validity of these predictions in the

two-fluid model of a dilute polymer gel [8,11,12]. In this
model, an incompressible viscous fluid with velocity field
vðr; tÞ, pressure field pðr; tÞ, and viscosity η, is coupled to a
dilute elastic (or viscoelastic) network with displacement
field uðr; tÞ and Lamé coefficients μ and λ via a mutual
friction coefficient Γ [16]. For a point force acting on the
fluid component, one obtains for the fluid-velocity
response in Fourier space [ðr; tÞ → ðq;ωÞ] [8]

vαðq;ωÞ ¼
1þ ðηb=ηÞξ2dq2
ηbq2ð1þ ξ2dq

2Þ ðδαβ − q̂αq̂βÞFβ; (1)

with ηb ¼ η − μ=ðiωÞ and ξ2d ¼ ημ=½Γðμ − iωηÞ�. Inverting
back from q to r while assuming ηb ≫ η, we get at large
distances the two predicted terms, v≃ v1 þ v2, where

v1α ¼
δαβ þ r̂αr̂β
8πηbr

Fβ; v2α ¼−ξ2dðδαβ − 3r̂αr̂βÞ
4πηr3

Fβ: (2)

These results are for the limit a=ξd → 0, where ηl → η. We
have calculated also the fluid-velocity response of this
model to a forced rigid sphere of finite radius a. The ξ2d
coefficient in Eq. (2) is then modified to a2gðξd=aÞ with
gðxÞ given below [17]. The dominant response becomes
equal to the subdominant one at the distance

rc ¼ a½2ðηb=ηlÞgðξd=aÞ�1=2; gðxÞ ¼ x2þ xþ 1=3: (3)

These expressions were obtained assuming ηb=ηl ≫ 1 and
an incompressible network (λ → ∞ or Poisson ratio
σ ¼ 1=2). A large ηb=ηl ratio is expected, e.g., for small
probes in stiff polymer networks [18]. Effects of com-
pressibility [19] are found not to change Eq. (3) appreciably
for σ as low as 0.4 [17].
Let us summarize the three main characteristics of the

subdominant response, expected in a complex fluid with a
large ηb=ηl contrast: (a) a positive r−3 decay of the
longitudinal response; (b) a negative transverse response;
(c) a crossover to the asymptotic response at a distance
much larger than the correlation length [20].
We use thermally equilibrated, homogeneous samples of

entangled F-actin networks, whose rheology has been thor-
oughly characterized in recent years [6,21–24]. It is well
established that 1P microrheology underestimates the bulk
viscoelastic moduli of these networks, whereas a more
accurate measurement is obtained by 2P microrheology
[6,22–24]. The large contrast between the bulk and local
moduli makes these networks a good model system for
checking the aforementioned predictions. F-actin networks
have the additional benefit of an easy control over the
network’s mesh size, ξs ¼ 0.3=

ffiffiffiffiffi

cA
p

, determined by the
monomer concentration cA (cA in mg=ml and ξs in μm) [25].
Entangled F-actin networks were polymerized from

purified monomer G-actin in the presence of passivated
polystyrene colloidal particles of radii a ¼ 0.245 and
0.55 μm (Invitrogen) [26]. We set the average filament
length to be ≈13 μm by addition of capping protein. The
actin concentrations were cA¼0.46–2 mg=ml, correspond-
ing to ξs ¼ 0.44–0.21 μm, respectively. Immediately after
polymerization the sample was loaded into a glass cell,
previously coated with methoxy-terminated polyethylene
glycol to prevent binding of the network to the glass [26].
After equilibration for 30 min at room temperature, samples
were fluorescently imaged at λ ¼ 605 nm. Tracer particle
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motion from approximately 8 × 105 frames per sample was
recorded at a frame rate of 70 Hz and tracked with accuracy
of at least 13 nm [27].
We start by characterizing the viscoelastic properties of

the F-actin networks using conventional 1P and 2P micro-
rheology. In 1P microrheology, one measures the ensem-
ble-averaged mean-squared displacement (MSD) of
individual tracer particles along any axis x as a function
of lag time τ, MSD1PðτÞ≡ hΔx2ðτÞi, and extracts from it
the viscoelastic moduli, G0ðωÞ and G00ðωÞ, using the GSER
[3,7,28]. In 2P microrheology, one measures the ensemble-
averaged longitudinal (parallel to r) and transverse
(perpendicular to r) displacement correlations of particle
pairs as functions of interparticle distance r and lag time τ,
D∥ðr; τÞ, D⊥ðr; τÞ [6]. At sufficiently large distances,
both correlations decay as r−1, D∥ ≃ AðτÞ=r and D⊥≃
AðτÞ=ð2rÞ. The common practice is to use this asymptote
to define a “two-point mean-squared displacement,”
MSD2PðτÞ≡ 2AðτÞ=ð3aÞ [29], and extract from it
the viscoelastic moduli using again the GSER [6].
Figures 1(a) and 1(b) show the 1P and 2P MSD’s measured
in an actin network and the moduli extracted from them.
The measurements demonstrate the much softer local
environment probed by the 1P technique, compared to
the bulk response probed by the 2P one. These results are in
quantitative agreement with previous studies on F-actin
networks [6,22,23].
A closer look at the 2P longitudinal correlation reveals

a positive r−3 decay preceding the asymptotic r−1 one
[Fig. 1(c)]. The crossover between the two regimes appears

at a distance rc ¼ 4.4 μm, an order of magnitude larger
than the network mesh size ξs. For r < rc the transverse
correlation is found to be negative [Fig. 1(d)]. Thus, the
three qualitative features mentioned above for the inter-
mediate response are verified.
Now,we extend the formalismofmicrorheology to include

the response at intermediate distances. This has two goals:
(a) to validate in more detail the theoretical predictions;
(b) to provide a quantitative analysis to be used in future
studies of other complex fluids. We focus on the longitudinal
displacement correlation, D∥ðr; τÞ, which is stronger than
the transverse one, and apply it in the time (rather than
frequency) domain to minimize data manipulation.
The correlation can be well fitted over both large and

intermediate distances by

D∥ðr; τÞ ¼ AðτÞ=rþ BðτÞ=r3: (4)

There are three directly measured quantities: MSD1PðτÞ;
AðτÞ or, equivalently, MSD2PðτÞ; and BðτÞ. We need to
relate them to the frequency-dependent coefficients appear-
ing in Eq. (2). At sufficiently large distances, r ≫ a, the 2P
coupling mobility coincides with the fluid velocity
response at a distance r away from an applied unit force.
Using Eq. (2), we get, for the longitudinal part of that
mobility, M∥ðr;ωÞ ¼ ð4πηbrÞ−1 þ a2gðξd=aÞð2πηlr3Þ−1.
From the fluctuation-dissipation theorem D∥ðr;ωÞ ¼−ð2kBT=ω2ÞM∥ðr;ωÞ, where kBT is the thermal energy.
Comparing this with Eq. (4), we identify

AðτÞ ¼ ½kBT=ð2πÞ�F−1fð−ω2ηbÞ−1g; (5)

BðτÞ ¼ðkBT=πÞa2gðξd=aÞF−1fð−ω2ηlÞ−1g; (6)

where F−1 denotes the inverse Fourier transform.
Equation (5) merely restates the basic relation used in

standard 2P microrheology to measure the bulk viscoelastic
moduli. Equation (6) represents our extension. Its left-hand
side is a directly measurable coefficient, BðτÞ, while its
right-hand side depends on two dynamic characteristics of
the fluid, ηl and ξd. The local response is obtainable from
the 1P measurement. According to the GSER, MSD1PðτÞ ¼
½kBT=ð3πaÞ�F−1fð−ω2ηlÞ−1g [29]. Substitution in Eq. (6)
yields a relation separating the time-dependent observables
MSD1PðτÞ and BðτÞ from the structural features to be
characterized, BðτÞ=MSD1PðτÞ¼3a3gðξd=aÞ. Equivalently,
we may examine the crossover distance

rcðτÞ ¼ ½BðτÞ=AðτÞ�1=2 ¼ a½2gðξd=aÞ�1=2½HðτÞ�1=2;
HðτÞ≡MSD1PðτÞ=MSD2PðτÞ; (7)

where thestructuralpart isagaindecoupled fromameasurable
time-dependent function, HðτÞ, characterizing the ratio
between the bulk and local responses. In Fig. 2(a), the
experimentally measured rc is plotted as a function of lag

FIG. 1 (color online). Microrheology of entangled F-actin net-
works. (a) MSD1P (green) and MSD2P (red) as a function of lag
time, for ξs ¼ 0.3 μm and a ¼ 0.245 μm. (b) The storage modulus
G0ðωÞ (open symbols) and loss modulus G″ðωÞ (filled symbols),
extracted from the MSD1P (green) and MSD2P (red) curves of
panel (a). (c) Longitudinal and (d) transverse displacement
correlations as a function of particle separation at lag time τ ¼
0.014 s for ξs ¼ 0.44 μm and a ¼ 0.55 μm. The crossover dis-
tance rc (blue dashed line) is defined at the intersection of the fitted
dominant (r−1) and subdominant (r−3) power-law decays of D∥.
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time, exhibiting a nonmonotonic dependence. Yet, by replot-
ting rc against ½HðτÞ�1=2, Fig. 2(b), the linear dependence
predicted by Eq. (7) is verified.We repeated the analysis for a
set of actin networks of different concentrations (i.e., different
mesh sizes) and for two different bead sizes. Since the static
and dynamic correlation lengths, ξs and ξd, should be com-
parable [11], and ξs and a are comparable in our experiment,
the results should be sensitive to the interpolation function
gðξd=aÞ defined in Eq. (3). In Fig. 3(a), rc for all the experi-
ments is plotted as a function ofH1=2. All curves are linear, as
predicted, and fall into two clusters (open and filled symbols)
corresponding to the two particle sizes. Differentiation of
Eq. (3) shows that rc should increase with either ξs or a at
constant H, which is confirmed in Fig. 3(a). For a more
quantitative validation, we rescale all the measurements ac-
cording to the scheme suggested by Eq. (7) and obtain convin-
cingdata collapse [Fig. 3(b)]. Furthermore, the resultingmaster
curve fits well the theoretical scale function of Eq. (3) using a
single free parameter— a constant ratio of order unity between
the static and dynamic lengths, ξd ¼ bξs, with b≃ 1.2–1.3.
One of the new insights in the current Letter is that the

local viscoelastic properties of the medium affect its
response over length scales much larger than the correlation
length and probe size. Moreover, there are scenarios in

which the dominant momentum term in the complex-fluid
response is suppressed, leaving the subdominant mass term
as the sole correlation mechanism at large distances. We
mention three examples. (a) For a very stiff matrix, as in the
case of a fluid embedded in a solid porous medium, the
crossover to the asymptotic term will be pushed to
arbitrarily large distances. (b) In a thin film of gel supported
on a rigid substrate, the momentum term will be suppressed
at distances larger than the film thickness, whereas the mass
term will be enhanced by such confinement. This qualita-
tively accounts for the dipolar shape of the 2P response
previously reported for such a system [30]. (c) At suffi-
ciently short time (high frequency), the diffusive momentum
term is cut off beyond a certain distance (viscous penetra-
tion depth), whereas the mass disturbance, propagating via
much faster compression modes, is not. All three scenarios
obviously require further quantitative investigation.
Another intrinsic length scale affecting the dynamics of

actin networks is the filament length [23]. Its value in the
current Letter (13 μm) is much larger than ξs and a. For
shorter filament lengths, there are subtle effects related to
the local environment of the probe [17,23]. Additional
length scales, not present in the current system, can arise
from sample heterogeneity [31].
Extracting spatiotemporal characteristics such as the

dynamic correlation length can be achieved, for example,
by various dynamic scattering techniques [2]. The inter-
mediate response itself, however, despite its significant
effect demonstrated here, is averaged out in such scattering
measurements by virtue of the spatial symmetry of the
corresponding dipolar term.
The analysis presented here, clearly, is not restricted to

actin networks. It is applicable to any complex fluid with a
sufficiently large ηb=ηl contrast [18]. (As “local” refers to
the scale of the probe, the contrast can be enhanced by
reducing the probe size down to a ≪ ξd, whereupon the
local response becomes that of the molecular solvent.) In
particular, our findings show that bulk viscoelasticity
inadequately describes micron scale stiff biopolymer gels
such as the cellular cortical network.
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Material preparation

G-actin was purified from rabbit skeletal muscle ace-
tone powder [1], with a gel filtration step, stored on
ice in G-buffer (5 mM Tris HCl, 0.1 mM CaCl2, 0.2
mM ATP, 1 mM DTT, 0.01% NaN3, pH 7.8) and used
within two weeks. The concentration of the G-actin
was determined by absorbance, using a UV/Visible spec-
trophotometer (Ultraspec 2100 pro, Pharmacia) in a cu-
vette with a 1 cm path length and extinction coefficient
of ϵ290 = 26, 460 M−1cm−1. Polystyrene colloids with
radii of a = 0.245, 0.55 µm (Invitrogen, lots #1173396
and #742530, respectively) were pre-incubated with a 10
mg/ml BSA (bovine serum albumin, Sigma) solution to
prevent nonspecific binding of protein to the bead surface
[2]. We controlled the average filament length by addi-
tion of capping protein to obtain an estimated average
length of 13 µm. Actin polymerization was initiated by
adding G-actin in various concentrations, capping pro-
tein, and colloidal particles to F-buffer solution (5 mM
Tris HCl, 1 mM MgCl2, 0.05 M KCl, 200 µM EGTA,

1 mM Mg-ATP) and mixing gently for 10 s. The actin
concentrations were cA = 0.46–2 mg/ml, corresponding
to ξs = 0.44–0.21 µm, respectively.

Sample preparation

Glass samples were prepared from glass coverslips (di-
ameter, 40mm) coated with methoxy-terminated PEG
(Polyethylene glycol, Mw=5000 g/mol, Nanocs) to pre-
vent F-actin filaments from sticking to the chamber walls.
Immediately after polymerization the sample was loaded
into a glass cell and left to equilibrate for 30 min at room
temperature.

[1] J. A. Spudich and S. Watt, J. Biol. Chem. 246, 4866
(1971).

[2] M. T. Valentine, Z. E. Perlman, M. L. Gardel, J. H. Shin,
P. Matsudaira, T. J. Mitchison, and D. A. Weitz, Biophys.
J. 86, 4004 (2004).
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namic correlation length of actin
networks from microrheology experiments

Adar Sonn-Segev,a Anne Bernheim-Groswasserb and Yael Roichman*a

The mechanical properties of polymer gels based on cytoskeleton proteins (e.g. actin) have been studied

extensively due to their significant role in biological cell motility and in maintaining the cell's structural

integrity. Microrheology is the natural method of choice for such studies due to its economy in sample

volume, its wide frequency range, and its spatial sensitivity. In microrheology, the thermal motion of

tracer particles embedded in a complex fluid is used to extract the fluid's viscoelastic properties.

Comparing the motion of a single particle to the correlated motion of particle pairs, it is possible to

extract viscoelastic properties at different length scales. In a recent study, a crossover between

intermediate and bulk response of complex fluids was discovered in microrheology measurements of

reconstituted actin networks. This crossover length was related to structural and mechanical properties

of the networks, such as their mesh size and dynamic correlation length. Here we capitalize on this

result giving a detailed description of our analysis scheme, and demonstrating how this relation can be

used to extract the dynamic correlation length of a polymer network. We further study the relation

between the dynamic correlation length and the structure of the network, by introducing a new length

scale, the average filament length, without altering the network's mesh size. Contrary to the prevailing

assumption, that the dynamic correlation length is equivalent to the mesh size of the network, we find

that the dynamic correlation length increases once the filament length is reduced below the crossover

distance.
1. Introduction

Complex uids are intriguing materials, both from the struc-
tural and the mechanical point of view. Comprised of at least
two components, these uids contain mesoscopic structural
features on the scale of nanometers to millimeters.1 As a result
their mechanical response to perturbations is both elastic-like
and uid-like in nature. Conventionally, complex uids are
characterizedmechanically by bulk rheology.2 Complex uids of
biological origin, which are not readily available in large
quantities, are usually characterized using a more material
economic technique, microrheology, which uses the motion of
embedded tracer particles observed by optical microscopy to
extract the material properties.3–9 Another advantage of micro-
rheology is its ability to characterize the viscoelastic properties
of these uids on different length scales.10–12 Utilizing this trait
of microrheology, we recently showed that the mechanical
properties of an example complex uid (actin networks) change
from bulk to intermediate behavior below a characteristic
crossover length (rc).13 This new length scale depends both on
hemistry, Tel Aviv University, Tel Aviv

l

Kats Institute for Nanoscale Science and

gev, Beer-Sheva 84105, Israel

9

structural features of thematerial as well as on its local and bulk
viscoelastic properties. The crossover length, rc, can be related
to the dynamical correlation length, xd, of the complex uid. For
polymer networks, xd, which is the length scale over which
dynamical correlations decay in the network, is considered to be
related to the mesh size,14,15 and is commonly measured by
dynamic light scattering, requiring large sample volumes.
Measuring xd with microrheology offers a means to connect
mechanical properties of a polymer networks to their structure
using microscopic quantities.

Polymer networks made of cytoskeleton proteins have been
thoroughly studied in an effort to understand their biological
role in the cell.16–24 Themost researched of which is actin, which
is the focus of this paper. We study the spatial dependence of
the viscoelastic properties of thermally equilibrated F-actin
networks, and their relation to the networks' structure. We start
by outlining our generalized analysis scheme of microrheology
experiments and its application to reconstituted actin networks
of different mesh size. We then demonstrate how to extract the
viscoelastic and structural properties of the networks, regard-
less of tracer particle size (i.e., its size relative to the mesh size).
We proceed to explore the dynamical correlation length's rela-
tion to the networks' mesh size, and investigate how xd is
affected by the introduction of another relevant length scale, the
average lament length hli. Finally, we examine the relation
This journal is © The Royal Society of Chemistry 2014
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between the viscoelastic plateau modulus and the dynamic
correlation length of the gels.
Fig. 1 Microrheology of entangled F-actin networks. (a) MSD1P (green)
andMSD2P (red) as a function of lag time, for xs¼ 0.3 mm, a¼ 0.245 mm
and hli ¼ 13 mm. (b) The storage modulus, G0(u) (open symbols), and
loss modulus, G0 0(u) (filled symbols), extracted from the MSD1P (green)
and MSD2P (red) curves of panel (a).
2. Experimental

We use entangled F-actin networks as a model viscoelastic uid.
The rheological properties of this system have been studied
extensively both experimentally and theoretically.7,9,12,25–28 F-actin
gels are well described as networks of semiexible polymers, and
their mesh size, xs ¼ 0:3=

ffiffiffiffiffi
cA

p
, is easily controlled through

monomer concentration cA (cA in mgml�1 and xs in mm (ref. 29)).
G-actin is puried from rabbit skeletal muscle acetone

powder,30 with a gel ltration step, stored on ice in G-buffer (5
mM Tris HCl, 0.1 mM CaCl2, 0.2 mM ATP, 1 mM DTT, 0.01%
NaN3, pH 7.8) and used within two weeks. The concentration of
the G-actin is determined by absorbance measured using UV/
visible spectrophotometer (Ultraspec 2100 pro, Pharmacia) in a
cuvette with a 1 cm path length and extinction coefficient 3290 ¼
26 460 M�1 cm�1. Polystyrene colloids with diameters of a ¼
0.245, 0.55 mm (Invitrogen Lots #1173396 and #742530 respec-
tively) are pre-incubated with a 10 mg ml�1 BSA solution to
prevent non specic binding of protein to the bead surface.31

The average lament length, hli, is controlled by addition of
capping protein (CP). Actin polymerization is initiated by add-
ing G-actin in various concentrations, CP and beads to F-buffer
solution (5 mM Tris HCl, 2 mM MgCl2, 0.05 M KCl, 200 mM
EGTA, 1 mM ATP) andmixing gently for 10 s. Mesh size is varied
by changing G-actin concentration between cA ¼ 0.46–2 mg
ml�1, corresponding to xs ¼ 0.44–0.21 mm (at xed hli ¼ 13 mm).
The average lament length is varied, at constant actin
concentration (xs ¼ 0.3 mm), by changing the concentration
ratio of actin–CP. Filament length distribution is roughly
exponential.32 We estimate hli ¼ 2–13 mm assuming CP deter-
mines the number of actin nucleation sites.12,32,33

Immediately aer polymerization the samples were loaded
into a glass cell, 150 mm high, and sealed with grease. The glass
surfaces were coated with methoxy-terminated PEG to prevent
binding of the network to the glass. Aer equilibrating for 30
min at room temperature, samples were imaged at a plane
distanced from the cell walls with an epi-uorescence micro-
scope (Olympus IX71), at l ¼ 605 nm, with 60� oil, and 40� air
objectives for a ¼ 0.245 mm and a ¼ 0.55 mm, respectively. We
recorded the motion of approximately 100 particles in the eld
of view using a CMOS video camera (Gazelle, Point Gray) at a
frame rate of 70 Hz with an exposure time of 0.003 s. To insure
high signal to noise ratio of two-particle displacement correla-
tion measurements, we used data from approximately 8 � 105

frames per experiment. Particle tracking was done using
conventional algorithms with accuracy of at least 13 nm.34
† We use the one-dimensional forms of the MSD's.
3. Generalized microrheology and
the dynamic correlation length
3.1 Microrheology at intermediate length scales

Conventional microrheology is concerned with characterizing
the mechanical properties of a complex uid by analyzing the
This journal is © The Royal Society of Chemistry 2014
diffusion of tracer particles embedded in it.3–9 We concentrate
on the passive variants of the technique8 relating the thermal
uctuations of the tracer particles to the viscoelastic properties
of the characterized uid, using both one point (1P) and two
point (2P) microrheology. In 1P microrheology the generalized
Stokes Einstein relation (GSER) is used to connect the ensemble
averaged mean-squared displacement of tracer particles, MSD1P

h hDx2(s)i (Fig. 1(a)) to the viscoelastic moduli, G0(u) and G00(u)
(Fig. 1(b)).3,8,35

This technique probes only the local environment of the
tracer particle, which is the microscopic volume explored by the
particle within the experimental time scale. Consequently, it is
well established that 1P microrheology of actin networks
underestimates the bulk viscoelastic moduli.7,12,26–28 2P micro-
rheology was developed to address this issue, by looking at the
average correlated diffusion of two distanced particles. Speci-
cally, one measures the ensemble-averaged longitudinal and
transverse displacement correlations of particle pairs as a
function of inter-particle distance r and lag time s:7

Dkðr; sÞ ¼
�
Drk iðt; sÞDrk jðt; sÞdðr� RijðtÞÞ�

Dtðr; sÞ ¼ �
Drt

iðt; sÞDrt jðt; sÞdðr� RijðtÞÞ�; (1)

where Drk
i(t, s) (Drt

i(t, s)) is the displacement of particle i
during the time between t and t + s, projected parallel
(perpendicular) to the line connecting the pair, and Rij(t) is the
pair separation at time t. At sufficiently large distances both
correlations decay as r�1, Dk x A(s)/r and Dt x A(s)/(2r). The
common practice is to use this asymptote to dene a ‘two-point
mean-squared displacement’, MSD2P(s) h 2A(s)/(3a),† and
extract from it the viscoelastic moduli using again the GSER.7

Fig. 1(a) and (b) show the 1P and 2P MSD's measured in an
actin network (xs ¼ 0.3 mm), and the moduli extracted from
them. The viscoelastic properties obtained from the two
approaches are signicantly different, demonstrating the much
soer local environment probed by the 1P technique, as
compared to the bulk response probed by the 2P one. These
results are in accord, both qualitatively and quantitatively, with
previous studies on F-actin networks.7,12,26

We have recently shown13 that the inter-particle distance at
which the bulk response sets in is much larger than would
Soft Matter, 2014, 10, 8324–8329 | 8325
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intuitively be expected. For example, in our experiments
(Fig. 2(a) and (b)) a crossover to an intermediate regime is
observed at rc ¼ 3.5 mm, which is an order of magnitude larger
than the network mesh size, xs ¼ 0.3 mm, and the tracer parti-
cle's radius, a ¼ 0.245 mm. The detailed theoretical description
of the viscoelastic behavior of complex uids at intermediate
length scales, below rc, is given elsewhere.13,36 Simply stated, a
particle moving within a uid disturbs it in two ways: it gener-
ates a momentum perturbation that spreads in the bulk, and
displaces mass locally.37 These two contributions can be
expanded in terms of inter-particle distance and depend on the
bulk and local viscosity respectively. For complex uids in
which the local environment is much soer than the bulk, the
leading terms in the mobility expansion are:13,36

Mkðr;uÞ¼ 1

4phbr
þ a2gðxd=aÞ

2ph‘r
3

(2)

Mtðr;uÞ¼ 1

8phbr
� a2gðxd=aÞ

4ph‘r
3

; (3)

where hb (h‘) corresponds to the bulk (local) viscosity and the
function g(xd/a) arises from calculating the uid response to a
forced rigid sphere of nite radius a. The rst term, the domi-
nant response, arises from momentum conservation, while the
second term, the sub-dominant response, describes mass
transfer. At intermediate distances (r ( rc) the viscoelastic
properties of a complex uid are governed by the subdominant
term.13,36 Eqn (2) and (3) imply that the intermediate response
should decay as 1/r3 in the longitudinal direction, and exhibit
negative correlation in the transverse one. As a result the
crossover between the asymptotic, dominant response in the
longitudinal direction to the intermediate, subdominant one
should appear at a distance:

rc ¼ a[2(hb/h‘)g(xd/a)]
1/2 (4)

where g(x) is a material specic function that satises the
asymptotic conditions:13,36 g(x / N) ¼ x2, and g(x / 0) ¼ 1.

The displacement correlation, Dk, can be related to the
mobility Mk, using the uctuation–dissipation theorem:

Dk(r, u) ¼ �(2kBT/u
2)Mk(r, u) (5)
Fig. 2 (a) Longitudinal and (b) transverse displacement correlations as
a function of particle separation, r, at lag time s ¼ 0.014 s for xs ¼ 0.3
mm, a ¼ 0.245 mm and hli ¼ 13 mm. The crossover distance rc (blue
dashed line) is defined at the intersection of the fitted dominant (r�1)
and subdominant (r�3) power-law decays of Dk.

8326 | Soft Matter, 2014, 10, 8324–8329
where kBT is the thermal energy. To minimize data manipula-
tion the analysis is applied on the time (rather than frequency)
domain and thus the expected expression for Dk(r, s) is:

Dkðr; sÞ¼ AðsÞ
r

þ BðsÞ
r3

(6)

where

AðsÞ ¼ kBT

2p
F �1

�
1

�u2hb

�
(7)

BðsÞ ¼ kBT

p
a2gðxd=aÞF �1

�
1

�u2h‘

�
(8)

where F �1 denotes the inverse Fourier transform. The cross-
over distance in the time domain is then given by:

rc(s) ¼ [B(s)/A(s)]1/2. (9)

3.2 Dynamic correlation length measurement

One outcome of the preceding theory is that the dynamic
correlation length of a complex uid can be extracted from
microrheology experiments, provided that: (1) the functional
form of g(x) is known, (2) the crossover distance (eqn (9)) is
experimentally observed, and (3) the bulk and local viscosity are
measured. We start our analysis by expressing A(s) and B(s) in
terms of MSD2P and MSD1P respectively.

AðsÞ ¼ 3aMSD2P=2
BðsÞ ¼ 3a3gðxd=aÞMSD1P:

(10)

To this end we assume that the local viscosity is a function of
time and is related to the MSD1P by the uctuation–dissipation
theorem MSD1P(s) ¼ [kBT/(3pa)]F

�1{(�u2h‘)
�1}. The bulk

viscosity is related to the MSD2P in a similar manner, and is
given by A(s) (eqn (7)).

Substituting these expressions into eqn (9) we have,

rc ¼
"
2a2g

�
xd

a

�
MSD1P

MSD2P

#1=2

¼
	
2a2g

�
xd

a

�
HðsÞ


1=2
(11)

where we dene:

HðsÞhMSD1P

MSD2P
(12)

as the time dependent observable, and g(xd/a) the structural
element to be characterized. The functional form of g(x) for
actin networks was derived using the two-uid model of poly-
mer gels,9,14,15,38–40 and reads;13,36

g(x) ¼ x2 + x + 1/3. (13)

Recasting rc(s) as a function of
ffiffiffiffiffiffiffiffiffiffi
HðsÞp

reveals their linear
dependence (Fig. 3(b)), as predicted theoretically in eqn (11).
This linear dependence holds for all our experiments, inde-
pendent of tracer particle size and network mesh size (see
Fig. 4(a)). Rescaling rc

2 by Ha2 and presenting it as a function of
xs/a results in a collapse of our data on a single master curve
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Crossover distance as a function of (a) lag time, and (b) square
root of H(s), the experimental function characterizing the bulk to local
viscosity ratio. Parameter values are the same as in Fig. 1; a¼ 0.245 mm,
xs ¼ 0.3 mm and hli ¼ 13 mm.

Fig. 4 Crossover distance for all experiments. (a) For all conditions rc is
linear with

ffiffiffiffi
H

p
and increases with either xs or a. (b) All experimental

results fall on a master curve once rc
2 is normalized by Ha2 and pre-

sented as a function of scale function given by eqn (13) and xd ¼ 1.25xs.
Red (green) symbols correspond to a ¼ 0.55 (0.245) mm. Each symbol
corresponds to a different mesh size: xs ¼ 0.21 (squares), 0.26 (trian-
gles), 0.3 (circles), 0.35 (diamonds), and 0.44 mm (left triangles). The
average filament length for all experiments was hli ¼ 13 mm.
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shaped according to eqn (13) (see Fig. 4(b)).13 The only tting
parameter used to t our data to eqn (13), was the ratio bh xd/xs
¼ 1.25. This result provides an experimental verication of the
scaling function g(xd/a) derived using the two-uid model for
actin networks. Therefore providing a means to extract the
dynamic correlation length from microrheology experiments.

In Fig. 5 the measured dynamic correlation length is plotted
versus the networks' mesh size for two different sizes of tracer
particles. Both xd and xs are material properties and should not
Fig. 5 Dynamic correlation length, xd, extracted from rc and H for
networks with different mesh and particle sizes (see text for details). (a)
xd scaled by a, particle radius, as a function of the scaledmesh size xs/a.
(b) xd as a function of xs. Black line, in both figures, corresponds to xd ¼
bxs, where b¼ 1.25 is our fitting parameter. Both xs/a > 1 and xs/a < 1 fall
on the same line. Inset: difference between xds extracted from the two
particle sizes (Dxd) as a function of xs. Red (green) symbols correspond
to a ¼ 0.55 (0.245) mm. Each symbol corresponds to a different mesh
size: xs ¼ 0.21 (squares), 0.26 (triangles), 0.3 (circles), 0.35 (diamonds),
and xs ¼ 0.44 mm (left triangles).

This journal is © The Royal Society of Chemistry 2014
depend on the tracer particle size. The difference in the
dynamic correlation length measured with the two different
particle sizes is used to gauge its experimental error (see
Fig. 5(b)), which is of the order of hDxdi x 50 nm. The fact that
the relation between xd and xs is linear suggests that xd scales as
the square root of actin concentration, as expected for semi-
dilute polymer solution.
4. Effect of filament length

So far we have shown that the viscoelastic response of actin
networks depends on the new emerging length scale rc, rather
than directly on the network mesh size or tracer particle size. In
this section we introduce a new relevant length scale to the
system, the average actin lament length, hli, which is
controlled experimentally by introducing capping protein. We
show that hli affects the viscoelastic response of the networks if
sufficiently decreased. We study several networks made with the
same actin monomer concentration but different average la-
ment length, hli ¼ 2, 5, 8, 10, 13 mm. All of these systems create
mechanically stable networks with a mesh size of xs ¼ 0.3 mm,
much smaller than the average lament length. While the mesh
size is conserved in these systems it is not clear if their dynamic
correlation length or their mechanical properties vary.12 Since
the mesh size is the same in all of these gels and the average
lament length is much larger than the mesh size, we would
naively expect the crossover length in these networks to be the
same as well. In Fig. 6 the crossover length scale of the different
networks is examined. Surprisingly, even though the length
scale depends linearly on the viscosities ratio (Fig. 6(b)) for each
hli, it depends also on lament length (Fig. 6(a)).

A closer inspection of the data in Fig. 6(b) reveals that curves
of different networks do not coincide, implying that the
networks vary in dynamical properties. Since the functional
form of g(x) was calculated from the two-uid model using a
general, unspecied correlation length xd, without any explicit
reference to lament length, we can use it to extract xd of these
networks. In Fig. 7 xd is plotted as a function of hli; for long
lament length hli > 5 mm xd does not depend on lament
length, as expected. However, for shorter laments, hli ¼ 2, 5
mm, xd decreases with lament length. Note that the length
scale below which xd is affected by lament length is of the
Fig. 6 Crossover distance, rc, as a function of (a) lag time, and (b)
square root ofH(s) for networks with different average filament length:
hli ¼ 2 (red squares), 5 (magenta circles), 8 (blue right triangles), 10
(cyan diamonds), and hli ¼ 13 mm (green triangles). All networks were
polymerized at the same concentration (cA¼ 1mgml�1 corresponding
to xs ¼ 0.3 mm).
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Fig. 8 The plateau elastic modulus, G0(ub), of all actin networks
studied here, as a function of: (a) xs estimated from monomer
concentration, and (b) xd extracted from measurements. Blue (red)
symbols correspond to a¼ 0.55(0.245) mm. Red squares correspond to
hli ¼ 13 mm, and red triangles correspond to hli ¼ 2, 5 mm.

Fig. 7 Dynamic correlation length, xd, as a function of the average
filament length, hli (bottom) and actin–CP concentration ratio (top).
Actin concentration was held at 1 mg ml�1, resulting in a xs ¼ 0.3 mm,
and a ¼ 0.245 mm.
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order of rc and one order of magnitude larger than either xs and
a. These results further the notion that rc is the length scale
which is most relevant in determining explicitly the viscoelastic
response of a complex uid. The results also suggest that xd can
be affected by other structural features of a polymer network, in
addition to xs, such as its dependence on hli demonstrated here.

We characterize the viscoelastic properties of our networks
in terms of the plateau modulus, G0(ub), with the lowest
experimentally available frequency ub ¼ 0.14 Hz, following Liu
et al.12. In Fig. 8(a) the plateau modulus, G0(ub), is plotted as a
function of the actin network mesh size. As expected,12,41 results
from the various experiments fall on a single line showing a
power law decay, G0(ub)f xs

a, with a power ax �2.8. However,
the mesh size in these experiments is determined indirectly
from the concentration of actin monomers used for gel prepa-
ration. We represent the results of Fig. 8(a) in terms of the
directly measured correlation length xd (Fig. 8(b)). Here too all
experiments fall on the same line with a x �2.8, even for
networks with small lament length for which xd s bxs.
5. Conclusions

In this paper we have presented a new method to extract the
dynamic correlation length of complex uids from micro-
rheology measurements, and demonstrated it on a model
system of entangled F-actin networks. This new technique is
8328 | Soft Matter, 2014, 10, 8324–8329
based on the observation of a crossover between the bulk and
intermediate viscoelastic response of complex uids in two
point displacement correlations (Dk, Dt). Using a generalized
framework of analysis of microrheology, we show that the
measured dynamic correlation length is related, but not iden-
tical, to the network mesh size. Specically, when a third length
scale is introduced into the problem, as demonstrated here with
short lament lengths, xd depends on it as well as on xs (Fig. 7).
This latter result raises several questions: how is the dynamic
correlation length related to the structure of a complex uid,
and consequently, how is it related to its viscoelastic properties.
More detailed experiments are required to address these issues.
The technique provided here presents a platform with which to
characterize in more detail the dynamics of active complex
uids, such as biologically active actomyosin networks and
chemically active self healing gels.42
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 תקציר

מכניות הדינמיות והאת היישום של מיקרוראולוגיה במטרה לאפיין את התכונות המבניות,  תמתאר עבודה זו

ליד קיר קשיח, רשת אקטין סבוכה,  ממדי-דו-קוואזיצפופים: תרחיף קולואידים רכים ו של שלושה חומרים

 חומרהבתוך  עיםמוטמנודות החלקיקים הת חקירה שלמתוך  כיצד, מדגימים ומיוזין אקטיבית. אנ-רשת אקטיןו

 מכניקה של החומר, והיחסים בין תכונות חומר אלו. הדינמיקה והמבנה, על ה מידע רב מתקבל ,בלבד

-דו-קוואזיבמים ויוצרים תרחיף השוקעים  ,סיליקהמ םתרחיף של קולואידי היא נחקרהשהמערכת הראשונה 

 שצפיפותם גדלה, כלומר בנה והדינמיקה של תרחיפים אלו ככלשטוח. בדקנו ניסיונית את המ מצעמעל ל ממדי

מימדית באמצעות שתי -לתכללה הדמייה תלקיקים גדל. החקירה המפורטת של הח שטחיההריכוז ש ככל

ידי מימדית על -הדמייה דו ובנוסף כללה גםגרפית וקונפוקלית, ותלויות, הדמייה הול-שיטות בלתי

של שכבה שניה למדי חדה חשפו היווצרות ם החלקיקים ותנועתם נותחו ו. מיקונטיתצרסאופלומיקרוסקופיה 

-מצאנו כי המעבר למבנה דוצפופה. האריזה ה בהרבה מזה של נמוך~, ריכוז 0.3ברורה בריכוז שטחי של 

לות ועל תהחלקיקים הסמוכים למשטח, פוזיית די, משפיע באופן משמעותי על מאנטרופיהשכבתי, המונע 

 .מחשב ות הללו אומתו ע"י סימולציותיהחלקיקים. התוצאות הניסיונ הדיפוזיה בריכוז

פולימרים לחקרנו את המיקרוראולוגיה של רשתות אקטין סבוכות, מערכת מודל  ההניסיונות השני סדרתב

הובילו אותנו לגילוי תחום חדש של  חלקיקית-דו מיקרוראולוגיהשל ניסיונות  אנליזה זהירה למחצה.-גמישים

. זאת למרות העובדה שהמיקרוראולוגיה של , בתחום ביניים של מרחקיםתגובה מכנית ברשתות אקטין

של  מסדר גודל ,מפתיעים בגודלםר. תגובת הביניים נצפתה במרחקים באופן נרחב בעב הרשתות אקטין נחקר

רלוונטי לכל נוזל מרוכב ה ,הרבה יותר כללי בעל אופיר כי תחום תגובה זה הוא מיקרומטרים אחדים. הסתב

במרחקים  מופיעותשל נוזלים מרוכבים  במקרההמכיל שני מרכיבים. גילוי זה חשף שתכונות החומר הכולל 

 גדולים בהרבה מהאורך האופייני של מבנה החומר )לדוגמא, גודל חורי הרשת ברשתות אקטין(.

הביניים על מנת לפתח שיטת אנליזה חדשה לניסיונות תחום תגובת וי השתמשנו בגיל בהמשך,

-מיקרוראולוגיה, המבוססת על התיאור התיאורטי של תחום זה. בעזרת שילוב של מיקרוראולוגיה חד

של רשתות אקטין כתלות במספר  הדינמיאת אורך הקורלציה  לחלץ הצלחנו, חלקיקית-חלקיקית ודו

לי אפיון חדש לנוזלים מרוכבים. יישום שיטת כמציגה סיב האקטין. עבודה זאת  פרמטרים, כגון ריכוז ואורך

לנו לבדוק את היחס בין אורכי  אפשרה ,האנליזה החדשה שלנו על רשתות אקטין עם אורכי סיב משתנים

הקורלציה הדינמי והסטטי. בניגוד לדעה הרווחת שאורך הקורלציה הדינמי שקול לאורך הקורלציה של מבנה 

 ל של אורךדוא מסדר גהולציה הדינמי מתחיל לגדול כאשר אורך סיב האקטין רמצאנו שאורך הקו, הרשת

 חורי הרשת(. גודלתחום הביניים שהתגלה על ידינו )כלומר כאשר הוא עדיין גדול בהרבה מ

 ך אקטיבי: ג'לל חומר ר, חקרנו את התנודות של חלקיקים בתוך מערכת מודל שהניסיונות האחרונה סדרתב

בהם שהדינמיקה מחוץ לשיווי משקל של רשתות אלו נחקר בתנאים  מיוזין אקטיבי. אופי-של אקטין

על ידי הגדלת ריכוז המנועים או על ידי שינוי הגודל של חלבוני המנוע.  אםה, תהאקטיביות שלהם השתנ

גדלי  התפלגות דיו גבוה שתות, הבחנו שבריכוז מנועיםבר המוטמעיםבמהלך האנליזה של תנועת החלקיקים 

של פסגות ברורות בגדלי צעד גדולים, המצביעים על אירועים   סדרהב תהצעדים של החלקיקים מתאפיינ

מערכות אקטיביות, אשר מתאפיינות בשנמדדו  גויותהתפלהמשונה  בדידים של פעילות המנועים. תצפית זו

ת ברש אקטיבייםתוצאה של תהליכים  פסגות אלו בהתפלגות הן ציאלית.או אקספוננ גאוסיאניתבסטטיסטיקה 

של ההתפלגויות הסממנים  אתששחזרו ביצענו סימולציות פשוטות  .מרבי שיש להם אורך אופייני, או מרחק

 בכדי הללותוצאות אלו. יתר על כן, השתמשנו בהבחנות בפרשנות שלנו לומכות תוכך  ,שראינו בניסוי

 להעריך את הכוח שמנוע בודד מפעיל על הרשת.
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