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Investigating the microenvironments of inhomogeneous soft materials
with multiple particle tracking
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We develop a multiple particle tracking technique for making precise, localized measurements of the me-
chanical microenvironments of inhomogeneous materials. Using video microscopy, we simultaneously mea-
sure the Brownian dynamics of roughly one hundred fluorescent tracer particles embedded in a complex
medium and interpret their motions in terms of local viscoelastic response. To help overcome the inherent
statistical limitations due to the finite imaging volume and limited imaging times, we develop statistical
techniques and analyze the distribution of particle displacements in order to make meaningful comparisons of
individual particles and thus characterize the diversity and properties of the microenvironments. The ability to
perform many local measurements simultaneously allows more precise measurements even in systems that
evolve in time. We show several examples of inhomogeneous materials to demonstrate the flexibility of the
technique and learn new details of the mechanics of the microenvironments that small particles explore. This
technique extends other microrheological methods to allow simultaneous measurements of large numbers of
probe particles, enabling heterogeneous samples to be studied more effectively.
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I. INTRODUCTION

Little is known of the mechanical microenvironments
complex materials such as polymer gels and the cytopla
yet understanding these local environments is critical
characterizing the microscopic processes that take p
within them. Local measurements are necessary to exp
the microscopic dynamics and mechanical properties
control many chemical and physical processes, such as
dynamics of colloidal particles in confined geometries,
diffusion of reactants for the chemical modification of ge
and the separation and transport of macromolecules and
teins in structured gels@1–4#. In biological materials, inter-
cellular and intracellular transport, activities within cellul
compartments, and the resistance encountered by mole
motors depend on local, not bulk, mechanical respons
locally generated forces@5–8#. Often, the details of this mi-
croscopic response cannot be inferred fromin vitro or bulk
measurements. For example, intracellular biochemical re
tion rates may differ significantly from those measured
dilute solution because macromolecular crowding and
physical constraints imposed by the cytoskeletal netw
dramatically alter the mobility of reactants@9–14#. In this
paper, we present a technique to study local mechan
properties by simultaneously tracking many Brownian tra
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particles and using a combination of concepts of micror
ology and precise statistical tools to describe the range
microenvironments encountered in a single system.

Macroscopically, rheological measurements complet
describe the mechanical response of a material. Simple fl
are characterized by their viscosity and ideal elastic solids
their elastic modulus. Although more complex, viscoelas
materials that display properties of both solids and liqu
can also be fully characterized by their frequency-depend
complex shear modulus. Microscopically, we can charac
ize the local mechanical response by a local viscosity
elasticity. However, we must also consider the ability of t
large structures found in many complex materials to c
strain small particles or macromolecules. At length sca
where the constraining effects of these structures bec
important, the microscopic response is no longer connec
to the bulk response by simple scaling laws, and direct lo
measurements are essential. In order to be interprete
terms of mechanical microenvironments, these meas
ments should be local, should not depend on any assu
tions about homogeneity, and should be sensitive to va
tions in local response and the presence of steric constra

A number of techniques have been employed to meas
structure and dynamics in complex fluids. Static measu
ments, such as freeze fracture electron microscopy, x-ray
fraction, and fluorescence studies, give detailed structura
formation, but do not connect structure with dynam
mechanical response@2,15–17#. Fluorescence recovery afte
photobleaching~FRAP! experiments probe dynamics an
measure the average long-time collective diffusion coe
cient, but are insensitive to very local variations in respon
or constraining volumes@18–20#; thus, local measurement

r-

7-
©2001 The American Physical Society06-1



er
e
o

iv

t

b
in

o
ca
of
us
i-
tio
ica
e
rg
tic
cy
ic
e
a
c
in

m
loc
ac
n

he
o
s
le
x

ge
ly
is

on
tly
li

ob
. I
ri
r
-

m
io
n

n
-

t

ho
le
er
w

d to
pas-
cro-
ting
long
not

nts
un-
e in

mi-
uo-
gle
i-
al-
tal
in
nd

in
on-

e:
for
cy
ter-
n

ffer-
in

ra-
ual
tical

an-
that
ibu-
r-

er-
s in
in-
dis-

ac-
; we
ns
atial
cal

s the
fer-
uc-

f
fer-
rol/

is
lex
ccha-
ter-

por-
sur-

M. T. VALENTINE et al. PHYSICAL REVIEW E 64 061506
are often preferable. For example, particle tracking exp
ments of individually fluorescently tagged lipids in th
plasma cell membrane directly measure the diffusion
single lipids and reveal the localized interactions that g
rise to the average trends measured with FRAP@21#. Re-
cently, a similar technique has been used to measure
diffusion of proteins inside living cells@22#.

Microrheology is another dynamic technique that can
used to probe very localized mechanical properties us
tracer particles embedded in a complex fluid@23–25#. By
using spherical tracer particles of a known size, particle m
tions can be interpreted quantitatively in terms of the lo
viscoelastic properties of the surrounding medium. While
ten interpreted in terms of the macroscopic bulk modul
the real power of microrheology lies in the fact that ind
vidual tracer beads probe microenvironments and the mo
of the individual tracer particles reflects the local mechan
response of the surrounding material. Typically in microrh
ology measurements, the tracer particles are much la
than the characteristic structures of the medium and par
motions are interpreted in terms of the linear frequen
dependent viscoelastic moduli. However, when the part
diameter is comparable to or smaller than the length scal
structures in the medium, the tracers can move within sm
cavities and their motions are not only a measure of the lo
viscoelastic response, but also of the effect of steric h
drances caused by the cavity walls. Thus, traditional
crorheology techniques can be used to measure both
rheology and local constraining volumes in order to char
terize fully the mechanical response of the microenviro
ments that small particles explore.

There are several different implementations of micror
ology. One technique involves the active manipulation
embedded probe particles using optical or magnetic force
move small probe particles and apply local stress to comp
materials@26–31#. Although active measurements can be e
tremely useful, especially in stiff materials where lar
stresses are necessary to attain a measurable strain, app
a well-controlled force to the probe particle requires soph
ticated instrumentation and calibration procedures. Additi
ally, large particles are often required to apply sufficien
well-controlled forces to the material, preventing the app
cation of this technique to very small length scales.

Other microrheology techniques involve the passive
servation of the thermal fluctuations of the probe particles
this case, there are no limits on particle size, but the mate
must be sufficiently soft to allow detectable motion of pa
ticles moving with onlykBT of energy. In passive measure
ments, the key parameter is the mean-squared displace
of the tracer particles, and this can be measured by var
methods. Dynamic light scattering techniques work well a
report the mean-squared displacement averaged over a
semble of tracer particles@24,32,33#. By contrast, single par
ticle tracking microrheology uses a single probe particle
measure highly localized mechanical response@34–37# with
high spatial and temporal sensitivity. Because this met
uses a single probe instead of averaging over an ensemb
is well suited to studying local microenvironments. Howev
in heterogeneous systems many repeated experiments
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different beads in different parts of the sample are require
completely characterize the material response. Another
sive technique, two-particle microrheology, measures ma
scopic properties in inhomogeneous samples by correla
the displacements of separated particles to measure the
wavelength thermal fluctuations of the material, but does
characterize different microenvironments directly@38#. None
of the techniques allow for simultaneous local measureme
in very heterogeneous samples, yet this is imperative for
derstanding microscopic processes in materials that evolv
time.

In this paper, we report an approach that uses video
croscopy to simultaneously track roughly one hundred fl
rescently labeled thermally activated particles in a sin
field of view. By analyzing the motions of the particles ind
vidually, we are able to perform many experiments in par
lel. The strength of this technique lies in its experimen
simplicity and our ability to collect large amounts of data
relatively short times. This allows us to directly probe a
characterize heterogeneous microenvironments even
samples that are dynamically changing in time so that c
secutive experiments are not possible.

There is, however, an intrinsic limitation in this techniqu
because of our finite imaging volume, the amount of data
any given particle is limited, reducing the statistical accura
with which the mean-squared displacement can be de
mined. If we could collect sufficiently long trajectories, the
the differences in the mean-squared displacements of di
ent particles would be a direct measure of the variation
microenvironments found in the sample. However, our t
jectories are not long enough to make precise individ
measurements; thus, we are forced to use a more statis
approach. Rather than relying exclusively on the me
squared displacement, we also develop statistical tools
allow us to use higher order statistics and compare distr
tions of displacements for individual particles. Using a fo
mal statistical test to account for limited sampling, we det
mine which particles are measuring detectable difference
the local microenvironments. We group together indist
guishable particles and average over the mean-squared
placements of particles within the group to obtain more
curate measures of the local response for each grouping
can thereby determine statistically meaningful variatio
throughout the sample. In samples where we detect sp
heterogeneity, we can measure the range of variation in lo
response and can physically map out the variations acros
sample. We are thus able to identify and characterize dif
ent types of heterogeneity in samples with complex str
tures and dynamics.

To illustrate the flexibility and range of applicability o
this technique, we examine three systems that display dif
ent types and ranges of heterogeneity. The first, a glyce
water solution is purely viscous and homogeneous and
included as a benchmark to compare with more comp
samples. The second sample is agarose, a fibrous polysa
ride gel that is characterized by many small pores that de
mine its utility as a common separation medium@16,17#.
Agarose displays spatial heterogeneity and shows the im
tance of differentiating between length scales when mea
6-2
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INVESTIGATING THE MICROENVIRONMENTS OF . . . PHYSICAL REVIEW E 64 061506
ing mechanical response. Finally, a solution of the semifl
ible biopolymerF actin, an important structural compone
of the cellular cytoplasm, is chosen as an example that il
trates the consequences of time-dependent fluctuations
their effect on small probe particles.

II. EXPERIMENT

Fluorescent tracer particles were imaged with video
croscopy epifluorescence~Leica DM-IRB/E! using a 1003,
oil-immersion objective with a numerical aperture of 1.4 a
magnification of 129 nm/CCD pixel. Video half frames we
acquired to obtain tracer positions with 60 Hz temporal re
lution. In each frame, the positions of the fluorescent p
ticles were identified by finding the brightness averaged c
troid position with a subpixel accuracy of approximately
nm @39#. The fluorescent beads appeared bright even as
particles moved slightly in and out of focus, allowing a mo
precise determination of the centroid position than is p
sible with nonfluorescently tagged particles. Samples w
prepared with roughly one hundred particles visible in ea
field of view. Note that although better temporal and spa
resolution can be obtained with laser deflection parti
tracking measurements of single particles@35#, the resolution
given by our simple video detection scheme is sufficient
study the dynamics of a wide range of soft materials. F
thermore, the ability to measure many particles simu
neously allows the determination of the dynamic correlatio
between neighboring particles and the local distribution
mechanical properties without numerous repeated exp
ments. This is particularly important for the study of samp
that can evolve with time, where measurements must
done in a short period of time so that the aging has
modified the sample or its properties.

Ten minutes of video were recorded on S-VHS tape a
digitized and analyzed offline, yielding a few million partic
positions for each sample. We considered only particles
remain in focus for at least 5 s, to ensure minimal statist
accuracy for individual particles. This condition has the p
tential to bias our observed distributions by underweight
the fraction of fast-moving particles. However, for a typic
solution with viscosity of 5 cp, the distance that a 0.5mm
particle diffuses in 5 s is smaller than the depth of field
which is roughly 2mm; thus we expect the effects of th
biasing to be very small. In more viscous media, or in ma
rials that constrain particles within local structures, the pr
ability of a particle making a long excursion from the foc
plane is even further reduced. Here, we consider only o
dimensional particle motion to maximize the accuracy of o
tracking algorithms; since each video half frame consists
half as many rows as the full image, the accuracy is degra
in the direction perpendicular to the row direction@39#. Two-
dimensional analysis of the particle tracks can also be d
in cases when the anisotropy of the individual microenviro
ments is of importance.

Agarose~Seakem LE; FMC! was dissolved in 45 mM Tris
buffer at pH58 with 0.01% Triton X-100 surfactant at
concentration of 0.36% w/v and heated to boiling for a
proximately 1 min. The solution was cooled to 80 °C, abo
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the gelation temperature, and 500 nm diameter rhodam
labeled carboxylate-modified latex polystyrene spheres~Mo-
lecular Probes! were added at a volume fraction of 0.2%. Th
solution was then injected into a heated chamber, consis
of a #1.5 coverslip and microscope slide. The chamber
hermetically sealed using UV-cured epoxy~Norland #81!
and quench cooled to room temperature, triggering gela
of the agarose.

Actin prepared from rabbit muscle@40# and stored inG
buffer @2 mM Tris-Cl, 0.2 mM ATP, 0.5 mM dithiothreitol
~DTT!, 0.2 mM CaCl2# was mixed with rhodamine-labele
470 nm diameter tracers and polymerized in the sam
chamber at a concentration of 1 mg/mL with the ad
tion of KCl to 75 mM, MgCl2 to 2.5 mM, and
N-2-hydroxyethylpiperazine-N8-2-ethane sulphonic acid
~HEPES! to 10 mM. Phalloidin was added in a 1.2:1 mol
ratio to G actin to stabilize the actin filaments.

III. RESULTS AND DISCUSSION

Although we are ultimately interested in local microenv
ronments, the ensemble-averaged mechanical response
valuable information about the dominant physics of the m
terial. Using multiparticle tracking, millions of positions ar
assigned to thousands of particle trajectories, from which
calculate the ensemble-averaged mean-squared tracer
placement,̂ Dx2&5^ux(t1t)2x(t)u2&, as a function of lag
time t where the angular brackets indicate an average o
many starting timest as shown in Fig. 1. The beads in glyc
erol are purely diffusive, as expected for a simple fluid, a
^Dx2& is linear int, as shown in Fig. 1~a!. These data can be
interpreted as a measure of viscosityh using ^Dx2(t)&
52Dt in one dimension whereD5kBT/6pha anda is the
tracer particle radius. The beads in agarose move sig
cantly differently, as shown in Fig. 1~b!. The particles show
approximately diffusive behavior at short times; however,
the longest times, the mean-squared displacement appea
be approaching a plateau, indicating that the particles
becoming constrained. TheF actin sample shows no tru
plateau, as shown in Fig. 1~c! and is subdiffusive for all
accessible times, with power-law behavior having slop
well below one; this suggests that, while the beads are
permanently caged, their motions are affected by the
rounding network.

Although the ensemble response gives valuable ins
into average mechanics, in order to characterize microe
ronments, it is necessary to examine the individual partic
directly. In Fig. 2 we show the time evolution of the mea
squared displacement of several individual particles for e
system. There are very large variations from particle to p
ticle. While it is tempting to explain different displacemen
by variations in the local microenvironments, it is not corre
to do so. This is most clearly evidenced by the results for
glycerol solution; although the microenvironments a
strictly homogeneous, the time-averaged mean-squared
placements show large deviations, as shown in Fig. 2~a!.
This reflects the fact that these data are not an approp
measure of heterogeneity since individual particles are
sufficiently time averaged to determine a statistically ac
6-3
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M. T. VALENTINE et al. PHYSICAL REVIEW E 64 061506
rate mean-squared displacement; thus, at least part o
particle to particle variation is a result of poor statistics@41#.
In the agarose sample, as shown in Fig. 2~b!, the mean-
squared displacements of the individual particles appea
vary much more than the particles in the glycerol samp
suggesting there may be a range of underlying microenvir
ments. The actin sample, as shown in Fig. 2~c!, also displays
variations in mean-squared displacements that are larger
those of the glycerol but not quite as large as those of
agarose. However, in order to make any quantitative co
parisons, we must be careful to isolate the variations du
different local mechanical environments from the variatio
due to limited statistical sampling.

As evidenced most strikingly by the glycerol data, we

FIG. 1. Time- and ensemble-averaged mean-squared disp
ments as a function of time. The solid line in each figure indicate
slope of 1.~a! Glycerol: ^Dx2& is linear in time, as expected for
simple fluid.~b! Agarose: Tracer particles diffuse at short times a
^Dx2& is linear in time. At longer times, the particles are caged, a
we observe the onset of a plateau:^Dx2(t→`)&50.2mm2 suggest-
ing a plateau modulus ofG5kBT/pa^Dx2(t→`)&'0.1 Pa.~c! F
actin: The motion is subdiffusive at short times, and even furt
constrained at longer times.
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not have sufficient statistics to accurately determine
mean-squared displacements of the particles directly. Ins
we use higher order statistics to better distinguish the effe
of poor statistics from true variations in the sample. We e
amine the distribution of displacements at lag timet,
P(Dx,t), known as the van Hove correlation function. Th
ensemble-averaged van Hove correlation function for
glycerol/water solution is shown for two different lag time
0.033 s and 0.1 s, in Fig. 3~a!. The lines are Gaussian fits t
the data, and there is good agreement as expected
a purely diffusive system where the particle motion
described by a simple random walk, withP(Dx,t)
5(4pDt)21/2exp(2^Dx2&/4Dt). The variance of the distri-
bution provides a measure of the diffusion coefficient, a
hence, the viscosity. A sampling of van Hove correlati
functions for individual particles at a lag time of 0.1 s
shown in Fig. 3~b!. The solid lines indicate the Gaussian
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FIG. 2. Individual particle mean-squared displacements for s
eral particles in~a! glycerol,~b! agarose, and~c! F actin. The spread
of ^Dx2& reflects the uncertainties due to statistical fluctuations t
result from short data collection times.
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to the distribution. The particles each follow Gaussian sta
tics and appear to be indistinguishable, indicating that e
tracer bead experiences the same local diffusion coeffici
thus the solution is homogeneous. In fact, the Gaussian
havior of the ensemble-averaged van Hove correlation fu
tion is a strong indicator of the homogeneity of the solutio
since the sum of the individual particle data will be Gauss
only if each particle displays Gaussian statistics, and e
has the same diffusion coefficient.

Although qualitative comparisons are possible by obse
ing the shapes of the van Hove correlation functions,
statistically accurate comparisons of the individual parti
data, we use a more formal test. One useful parameter is
F statistic, f 5(sk

2/nk)/(s l
2/nl), which compares the vari

ances of any two independent, random, normally distribu
quantities, distinguished by labelsk and l, with variances2

andn degrees of freedom@42,43#. For particle trajectories,n
is the number of statistically independent time steps t
build up the van Hove correlation function. For time ser
x(t) of duration T5md, sampled tox(t i), t i5 id, assem-
bling P(Dx2,t5 j d) from m/ j nonoverlapping segment
will give n5m/ j degrees of freedom. However, this sam
pling procedure discards a large fraction of our data. Alt
natively, we can assembleP(Dx,t5 j d) from every pair
@x(t i),x(t i 1 j )# to produce better statistics but such sampl
does not producen5m2 j degrees of freedom because s
quential pairs are not statistically independent. In order
determine the number of independent degrees of freedo
such oversampled data, we perform Monte Carlo simulati
of an ensemble of particles, where each experiences the s
local diffusion coefficient. We calculate the van Hove cor
lation functions for each particle, and calculate theF statistic
for each pair. Empirically, we find that theF statistic derived
from oversampled data is very nearlyF distributed withn
51.5m/ j , and we use this relationship to determine the nu
ber of independent degrees of freedom in our data.

To make statistically accurate comparisons of individ
particles, we use theF test, which compares the variances
two distributions using theF statistic and returns the confi

FIG. 3. van Hove correlation functions for particles moving
glycerol. ~a! The ensemble-averaged data is fit by a Gaussian
tribution over several orders of magnitude, as expected for a pu
viscous fluid.~b! Individual particles, shown at a time lag of 0.1
also display Gaussian statistics, and measure the same diffu
coefficient, indicating the homogeneity of the solution. The sm
differences between the fits are due to limited statistics in the ev
ation of P(Dx,t).
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dence level with which we can determine the two distrib
tions to be statistically different. In some soft materia
neighboring particles show correlated motion due to lon
range hydrodynamic or viscoelastic effects@38#; however,
because every particle is influenced by many neighbor
particles, we expect any correlations to cancel out in
distribution of displacements for a single particle. Thus
expect the individual van Hove correlation functions to
statistically independent, and the variances of these distr
tions to beF distributed. Our ability to make meaningfu
distinctions using theF test depends upon the number
independent events that build up the individual distributio
For the materials studied here, we found that a particle v
ume fraction of roughly 0.001 and observation times of 5–
min were sufficient to gather enough data to make mean
ful comparisons. At these volume fractions we do not exp
the presence of the particles to alter network formation; c
sistent with this, our results do not depend on particle v
ume fraction. For softer or less viscous materials, we exp
increased particle motion and require a lower volume fr
tion of particles in order to ensure that the interparticle sp
ing is greater than the distance a particle moves betw
subsequent frames, thus allowing a unique identification
each particle at each time step. Lower magnification op
will capture a larger field of view, and may be useful f
measurements in such materials; however, the apparent
of individual particles must be at least five pixels to ensu
accurate tracking of the center of brightness. Additiona
longer observation times may be required to gather suffic
statistics since particles in softer materials are more likely
move out of the field of view.

Using a 95% certainty of difference, we compare partic
pairwise to identify those particles that are statistically d
tinguishable. Unlike other methods, which present only d
tributions of statistical behaviors, using theF test we are able
to make actual comparisons of individual particle tracks.
then group the particles into ‘‘clusters’’ where all the pa
ticles in a given cluster are statistically indistinguishab
The beads in the glycerol/water solution group into only o
cluster, as expected for a homogeneous solution where
particles measure the same local viscosity. Thus, despite
large apparent variation in the mean-squared displaceme
the statistics are nevertheless sufficiently good to show
there is in fact only a single microenvironment; however,
must perform this more careful statistical analysis to de
mine this.

By contrast, in agarose, the beads display markedly
ferent behavior, reflecting the complex nature of the mediu
Agarose is known to be structurally heterogeneous, cons
ing of a complex network of fibrous molecules@16#. We
measure the macroscopic elastic plateau modulus to
roughly 2700 Pa, using a strain-controlled rheometer~Ares;
Rheometrics! for frequencies from 0.01–100 rad/s. In a h
mogeneous material, this shear modulus would be too la
to produce a detectable amount of motion with therma
activated tracer particles. The calculated mean-squared
placements for a 1-mm-diameter particle in the agaros
would be 1 nm2, which we cannot resolve with our particl
tracking method; consistent with this, we observe that be

s-
ly

ion
ll
u-
6-5



g
s
v
sp
ng
la
an
a
r-
on

in
o

r
it
n

or

st
on
d
us
an
ve
ig
b

is-
s
ar

es
o
a
le
d

b
so
re
n

in

to
tri-
dis-
all

ble
m a
the
ter-
opu-
ion
cal
r-
sug-

dif-

ong
ma-
his
ter-
w-
may
e of
e-

dif-

e
y
ith
ob-

la-
de a
age

that

in
ia
te

n
.

500
cp

be-
an-
ce in

M. T. VALENTINE et al. PHYSICAL REVIEW E 64 061506
that are 1mm in diameter do not move detectably, indicatin
that the particles are larger than the characteristic ela
structures and probe the bulk elastic response. Howe
while agarose does contain large elastic structures that
the sample and bear stress macroscopically, at short le
scales, these structures do not form a homogeneous e
continuum; instead, agarose is characterized by m
smaller voids, or pores, through which smaller particles m
move @17#. By observing the dynamics of the smaller pa
ticles, we can characterize the mechanical microenvir
ments of the pores themselves.

Although constrained, the smaller particles move with
the irregularly shaped pores, and do move in and out
focus, limiting our ability to track an individual particle fo
long times. Because we are limited by trajectories of fin
length, we again use higher order statistics to make qua
tative comparisons. The ensemble-averaged van Hove c
lation function is shown in Fig. 4~a! at a time lag of 0.033 s
and 0.1 s. The lines indicate the Gaussian fit to each di
bution; however, unlike the homogeneous glycerol soluti
the agarose data deviates from the Gaussian fit at all
placements at both time lags. These deviations from Ga
ian behavior indicate a detectable heterogeneity in mech
cal response. A sampling of the individual van Ho
correlation functions at a lag time of 0.1 s is shown in F
4~b!, and the Gaussian fit for each distribution is indicated
a solid line. Within our limited statistical accuracy, the d
tribution of particle displacements for each bead appear
be Gaussian; however, the widths of the distributions
different, reflecting different local diffusion coefficients.

At short lag times, where the statistical accuracy is b
the F test identifies several statistically different groups
particles, indicating microscopic differences in the loc
properties. However, at longer lag times, where the partic
are more constrained, we are unable to distinguish any
ferences in the distributions with theF test. In this long time
limit, the number of independent time steps is considera
lower, decreasing the statistical accuracy of the compari
However, there are still wide variations in the mean-squa
displacements; thus, in order to better characterize the lo
time behavior, we average the data in a statistically mean

FIG. 4. van Hove correlation functions for particles moving
agarose.~a! The ensemble-averaged distribution is non-Gauss
for even small displacements at all time lags, and is approxima
described by an exponential distribution.~b! Individual particle dis-
tributions, shown at a time lag of 0.1 s, are each fit by a Gaussia
a different width, indicating a different local diffusion coefficient
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ful way. We use theF test results to group the particles in
clusters according to their local viscosity based on the dis
butions at short times and average the mean-squared
placements over the particles in each cluster. Because
particles in a given cluster are statistically indistinguisha
and measure the same microscopic response, they for
meaningful ensemble and it is appropriate to consider
behavior averaged over particles in the cluster. The clus
averaged mean-squared displacements for the six most p
lated clusters are shown in Fig. 5. At short times, the mot
is very nearly diffusive and we measure a range of lo
viscosities from 2.3–8.6 cp. At long times the cluste
averaged mean-squared displacements do not converge,
gesting that particles in different clusters do experience
ferent microenvironments.

The plateau in the mean-squared displacement at l
times indicates that the particles are constrained by the
terial but we require further tests to reveal the nature of t
constraint. In a homogeneous medium, the plateau is in
preted in terms of the elastic modulus of the material; ho
ever, in a heterogeneous microenvironment, the plateau
be a measure of local elasticity, or a measure of the siz
the local constraining volume, or pore. To differentiate b
tween these two possibilities, we use probe particles of
ferent sizes and determine hoŵDx2(`)& scales with par-
ticle radiusa. If the plateau is a measure of local elasticityG
then^Dx2(`)&5kT/pGa, so ^Dx2(`)& scales with 1/a. If,
however, the plateau is a measure of pore sized thend5a
1h, whereh is the size of the fluid filled gap between th
particle surface and the pore wall and is approximated bh
5@^Dx2(`)&#1/2. We have repeated our measurements w
200 nm particles, and compared the results with those
tained with 500 nm particles. We find that^Dx2(`)& does
not scale with particle size; insteada1@^Dx2(`)&#1/2 re-
mains roughly constant. This implies that in agarose the p
teau in the mean-squared displacement does not provi
measurement of local elasticity, instead it probes the aver
pore size, which is found to be approximately 1mm.

Once we have determined the nature of the constraint

n
ly

of

FIG. 5. Cluster-averaged mean-squared displacement for
nm particles in agarose. The local viscosity ranges from 2.3–8.6
and the pore sizes from 700–1200 nm. There is a correlation
tween short-time viscosity and the long-time plateau in the me
squared displacement due to increased hydrodynamic resistan
the smallest pores.
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INVESTIGATING THE MICROENVIRONMENTS OF . . . PHYSICAL REVIEW E 64 061506
gives rise to the long time plateau, we can begin to cha
terize and compare the microenvironments in agarose.
cluster-averaged mean-squared displacements sugges
the particles that are the most tightly constrained at lon
times experience the highest local viscosity at earlier tim
The plateau in mean-squared displacement is a measure
effective pore size, and our data suggest that particle
smaller pores are diffusing more slowly; this may be due
hydrodynamic effects. Particles moving in fluid-filled por
will experience an apparent increase in viscosity since
order to move, the particle must squeeze fluid out of a t
gap between the particle surface and the pore wall. A part
of size a moving in a fluid-filled pore of sizea1h, where
h!a, will experience a drag forceF53pha4/2h3 and an
effective diffusion coefficient ofD52kBTh3/3pha4 @44#. If
we assume spherical, impermeable pores and again esti
the pore size by assumingh'(^Dx2(`)&)1/2, we find that for
the smallest pores, where the approximationh!a is most
valid, the measured increase in viscosity is consistent w
increased hydrodynamic resistance. In reality, the pore w
are likely irregular, fibrous and semipermeable, giving rise
complex flow fields and long-range hydrodynamic effec
Nonetheless, our data suggest that the walls do decreas
mobility of the particles they constrain and further th
simple scaling relation describes the general trend
observe.

To verify the effects of pore size on the diffusivity o
small particles, we examine the behavior of the 200 nm p
ticles, which should be less sensitive to hydrodynamic
fects. In this case, we again distinguish several cluster
particles that experience different microenvironments; ho
ever, we measure a smaller range of local viscosities, f
2.4–3.7 cP, in agreement with the viscosities measured
the least constrained 500 nm particles. This suggests tha
pores are filled with a soft polymer that raises the viscosity
2–3 times that of water; however, hydrodynamics do pla
role in further decreasing the diffusivity of the 500 nm pa
ticles in the smallest pores.

To better characterize the range of microenvironme
present in the sample, we do Monte Carlo simulations of
ensemble of beads performing random walks with a kno
distribution of local diffusion coefficients. We use the sam
particle trajectory lengths that we measure experimentall
ensure the same statistical limitations and vary the width
the distribution of local diffusion coefficients until we re
cover the same clustering behavior found experimenta
Our data is consistent with a distribution of diffusion coef
cients that varies by 2065%. Both the cluster analysis an
the Monte Carlo simulations show that despite the large c
trast between macroscopic and microscopic environme
the range of mechanical microenvironments within the p
structure is quite small. This result could not have been p
dicted from bulk measurements alone and emphasizes
importance of direct local measurements.

We can further investigate the nature of the microenvir
ments by plotting the trajectories of all particles and co
coding the individual tracks according to cluster members
as shown in Fig. 6. This allows us to physically map t
variation in local mechanical response across the sample
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to look for spatial correlations of similar microenvironmen
We observe no long-range spatial correlations indicating t
in agarose, the length scale of heterogeneity is small,
nearby pores have different sizes and are characterize
different local viscosities.

To further test the flexibility of this technique, and to e
plore the effect of time-dependent fluctuations on sm
probe particles, we measure individual particles moving i
solution of F actin. The embedded tracer particles are 4
nm in diameter, slightly larger than the average mesh siz
approximately 300 nm expected for a 1 mg/mL solution ofF
actin @45#. Unlike the beads in agarose, however, the tra
particles in actin are constrained by the semiflexible polym
network but are not permanently caged or confined in po
The ensemble-averaged van Hove correlation function sh
roughly Gaussian behavior at shortest lag time of 0.033
but deviates at slightly longer time lags, above 0.1 s, to g
a broader tail as shown in Fig. 7~a!. Such non-Gaussian be
havior indicates that the system is not a simple homogene
solution at the length scale of the probe particles. The
Hove correlation functions of individual particles at a tim
lag of 0.1 s are shown in Fig. 7~b!. The distributions look
similar for small displacements, although there is deviat
at larger displacements and some indication of non-Gaus
behavior; however, this must be viewed with caution giv
the poor statistics.

Our attempts to use theF test to classify particles by
statistically different diffusivities failed to identify any dis
tinguishable clusters. Our inability to distinguish between
dividual particles despite the non-Gaussian behavior of
ensemble-averaged distribution suggests the possibility
temporal heterogeneity. In this case, the time-averaged
sponse of even an individual particle may be a superposi

FIG. 6. ~Color! The particle trajectories for the agarose gel gi
a spatial map of mechanical microenvironments. The trajecto
are color coded according to cluster analysis; beads of the s
color experience the same local viscosity. There is no long-ra
spatial correlation, suggesting that the length scale of heterogen
is small—of the order of a particle diameter.
6-7
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of data from several microenvironments. Such a superp
tion would result in a more complicated form for the va
Hove correlation function of an individual particle; howeve
our limited statistical accuracy does not allow us to dist
guish any difference. Preliminary work in our laborato
suggests that a single particle that is roughly equal in siz
the average mesh size can in fact sample several diffe
cages formed by theF actin network, and can even ‘‘jump
repeatedly between two neighboring cages@46#. This sug-
gests that the temporal heterogeneity may be due to the
network rearranging in time, or the beads exploring differ
static microenvironments over the course of the meas
ment, or both, resulting in a time-averaged response tha
not necessarily a simple representation of any of the ins
taneous microenvironments. The characteristic crossover
quency from viscous to elastic behavior for similarF actin
solutions has been reported in the range of 0.1–1 Hz@47#,
corresponding to approximately the same time lags we
investigating and indicating the ability of the network to r
arrange on this time scale.

The ability of probe particles to move between differe
microenvironments in a fluctuating network is consiste
with previous measurements in actin, where small partic
have reportedly failed to measure bulk mechanical respo
@38,47–49#. One explanation for this failure is that prob
particles that are much smaller than the persistence leng
the actin filaments, typically 10–20mm, introduce nonaffine
deformations of the network as filaments are bent around
probes with a characteristic radius comparable to the b
diameter@47,48#. This nonaffine excitation results in a di
ferent elastic response than is measured in macroscopic
ology. This effect is very sensitive to filament length, and
wide distribution of filament lengths that our samples like
possess could cause mechanical heterogeneity if the s
particles are able to move through different microenviro
ments characterized by different average filament leng
during the measurement. Furthermore, although reptatio
filaments typically occurs on time scales of 1000 s, mu
longer than the time scales of our measurements, the re
ation time might be considerably shorter if short filame
dominate the local response. The resultant distribution of

FIG. 7. van Hove correlation functions for particles moving
actin.~a! The ensemble-averaged distributions do not compare
to a Gaussian fit. There are far too many large displacement ev
for a Gaussian displacement model, a deviation that grows w
time. ~b! Individual particle distributions, shown at a time lag of 0
s are similar, although there are differences for larger displa
ments.
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laxation times could also give rise to temporal heterogene
A recent comparison of one- and two-particle microrhe

ogy in actin samples also showed that the mean-squared
placement calculated from the ‘‘self-diffusion’’ of a singl
probe particle is probably not solely a measure of the fl
tuation spectrum of the actin network@38#. Rather, the mean
squared displacement likely reflects a superposition of
long wavelength thermal undulations of the polymer netwo
and the local motion of the particle inside a transient ‘‘cag
formed by the surrounding actin filaments. This local moti
could give rise to temporal heterogeneity if the average sp
ing between filaments fluctuates in time, or if a partic
samples several different cages during the course of the m
surement. These results may be important to help rationa
previous measurements in actin where particles had been
sumed to measure a homogeneous network response.

IV. SUMMARY

In this paper, we have described a multiparticle track
technique that investigates mechanical microenvironment
complex systems at the micron scale. Such local meas
ments are essential to fully characterizing inhomogene
systems, and are imperative to understanding the mi
scopic processes that occur in structured materials. By sim
taneously tracking multiple particles moving in complex s
lutions, we can perform measurements even in time-evolv
samples, such as gels undergoing polymerization and the
toplasm of living cells. Although the finite imaging volum
limits the statistical accuracy with which we can calcula
the mean-squared displacement of individual particles,
adopting a more statistical approach, we can compare di
butions of particle displacements to identify quantitative d
ferences in local microenvironments.

In agarose, large fibrous polymers form heterogene
elastic structures that bear macroscopic stress but allow
motion of particles in confined pores. By examining statist
of individual particles and clustering those particles that
statistically indistinguishable, we measure variations in
properties of the pores and physically map those variati
across the sample. Despite the significant differences
tween macroscopic rheological properties and the mic
scopic environment explored by small particles, the variat
within local microenvironments is quite small, of order 20%
We do not observe spatial correlation of similar microen
ronments, indicating that neighboring pores have differ
sizes and local viscosities. Furthermore, we detect a decr
in the mobility of particles in the smallest pores due to
creased hydrodynamic drag. These results highlight the
portance of measuring mechanical response at diffe
length scales in highly structured heterogeneous mater
For instance, small macromolecules can easily move thro
the pores of the gel but large complexes of several ma
molecules may be dramatically slowed or even trapped.

In actin, we find signatures of heterogeneity in t
ensemble-averaged distributions of particle displaceme
but are unable to statistically distinguish any individual p
ticles. We interpret this result as evidence of temporal hete

ll
nts
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e-
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geneity, and suggest that individual particles may expl
several different microenvironments during the course of
measurement. The ability of particles to move through d
ferent mechanical environments over short times may imp
the previous interpretation of actin microrheology expe
ments that have been interpreted in terms of bulk rheolog
response. Furthermore, the ability of the multiparticle tra
ing technique to identify temporal heterogeneity may all
m
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the measurement of characteristic time scales in structur
complex systems that dynamically change in time.
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