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Particle Tracking Microrheology of Complex Fluids
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We present a new method for measuring the linear viscoelastic shear moduli of complex fluids.
Using photodiode detection of laser light scattered from a thermally excited colloidal probe sphere,
we track its trajectory and extract the moduli using a frequency-dependent Stokes-Einstein equation.
Spectra obtained for polyethylene oxide in water are in excellent agreement with those found
mechanically and using diffusing wave spectroscopy. Since only minute sample volumes are required,
this method is well suited for biomaterials of high purity, as we demonstrate with a concentrated DNA
solution. [S0031-9007(97)04234-8]

PACS numbers: 83.50.Fc, 83.70.Hq, 83.80.Lz, 83.85.Ei

Probing the rheological properties within cells is funda- In this Letter, we demonstrate that microscopic track-
mentally important for understanding biological motility. ing of the thermally driven motion of a single particle
However, the miniscule volume of cells precludes the ussuspended in a complex fluid can be used to measure
of standard mechanical and optical rheological techniquethe fluid’s macroscopic linear viscoelasticity over an ex-
which require macroscopic sample volumes. Similarlytended frequency range. By extracting the particle’s time-
rheological measurements of purified biomaterials availdependent mean square displaceméai;*(z)), from its
able only in small quantities have also been precluded. Mitrajectory measured using laser deflection particle track-
crorheology, the study of the stress-strain relationship fomg (LDPT), we obtairG*(w) from a frequency-dependent
small material volumes, may yield methods which over-form of the Stokes-Einstein equation. This approach as-
come this volume limitation. Early studies have centeredsumes that the shear stress relaxation in the locality of
on video tracking the motion of colloidal magnetic beadsthe particle is identical to that of the bulk fluid subjected
driven by an applied magnetic field gradient [1,2]. How-to a perturbing shear strain and is valid when the length
ever, the stresses driving the bead’s motion may be largecales of heterogeneity of the discrete structures within the
compared to those arising from thermal fluctuations; sincdéluid are much smaller than the particle. To test this new
many complex fluids and biomaterials are fragile with yieldapproach, we compare particle-tracking measurements of
strains much smaller than unity, magnetic forcing may acG*(w) with corresponding mechanical and diffusing wave
tually alter the local structure around the sphere so thatpectroscopy (DWS) measurements [5,6] for a model poly-
nonlinear rheological properties are probed. Because aheric solution, and we find excellent agreement. As with
this problem, measuring the linear viscoelastic moduli oDWS, single-particle tracking can be used to measure the
biological materials remains an important challenge. viscoelastic moduli over an extended frequency range.

Complex fluids contain extended polyatomic structuredHowever, LDPT requires a much smaller volume and can
ranging from about one nanometer to several micronsbe used with complex fluids in which the aggregation of
These colloidal structures give rise to viscoelastic rheothe probe spheres precludes a simple interpretation us-
logical behavior, in which energy is partially stored ing DWS.
and dissipated within the material as it is perturbatively Our model fluid for testing LDPT is a semidilute solu-
sheared. Many equivalent representations exist for quarion of polyethylene oxide (PEO) with an average molecu-
tifying an isotropic material’s linear viscoelastic responsejar weight of 5 X 10% at 3% by mass in water. The
all can be ultimately recast in terms of a single scalasemidilute PEO solution forms a viscoelastic entangle-
function of time, the stress relaxation modulus,(z), ment network with an average mesh sizefofs 1 nm.
which has a magnitude set by the thermodynamic derivaMonodisperse polystyrene spheres of radi= 0.26 um
tive of stress with respect to strain and relaxation timehave been added at a volume fractign= 10~* for
scales set by the decay of the stress autocorrelation funtDPT; larger spheres having = 0.49 um have been
tion [3]. Complex Fourier transformation af,(r) can added at$ = 102 to ensure strong multiple scattering
be used to obtain the frequency-dependent complex shefor DWS. LDPT requires only ful sample volumes
modulus,G*(w), which has a real part;'(w), the elastic compared to 30Q.l for DWS. All measurements have
storage modulus, and an imaginary p@ft(w), the vis- been made at temperatufe= 23 °C after an equilibra-
cous loss modulus [4]. Since botH(w) andG”(w) arise  tion time of five days.
from the single functionG,(r), they are not independent  LDPT is a new light scattering microscopy technique
functions but must obey the Kramers-Kronig relations. which can detect the trajectory of a moving colloidal
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sphere in two dimensions with A-scale resolution. Asof 1 s at a sampling rate of 15 kHz. The sphere remains
with some optical tweezers [7], a laser beam = in the linear voltage-displacement region at all times, and
670 nm) is focused by the microscope’s objective ontosuccessive displacements are several orders of magnitude
a sphere. However, by contrast to optical tweezers, wemaller than the sphere’s size. This trajectory is much
use low laser power (2 mW) so that the optical forcesmore compact than that for a sphere in water due to the
are small(<5%) compared to the random entropic forceselasticity of the polymer network. Using this trajectory,
driving the sphere’s motion in the solution. The for- we calculatg/Ar>(¢)) in two dimensions by sweeping the
ward scattered light is collected by a high numericaltime lag and averaging over all possible initial times,
aperture [1.4 NA (numerical aperture)] condenser. If theassuming a stationary process [8]. We multiply this result
sphere moves even slightly away from the beam’s axishy 3/2 to obtain{Ar>(¢)) in three dimensions. To extend
the forward scattered light will contain an off-axis in- (Ar2()) to longer times, a sampling rate of 150 Hz is
tensity asymmetry reflecting the sphere’s position. Thisalso used{Ar>(¢)) for both rates are shown in Fig. 1
intensity asymmetry can be measured in two orthogofupper curve). The measurédr>(¢)) are reproducible
nal directions by subtracting the photocurrent of opposto 10% standard deviation. Because of the entanglement
ing quadrant pairs of a photodiode detector centered aboetasticity of the PEO networkKAr>(¢)) is subdiffusive at
the optical axis beyond the condenser. The photocurthe earliest times, whereas at longer times, the slope on
rent differences are amplified and converted into volt-the log-log plot approaches unity, reflecting a terminal
ages which yield the spatial coordinates of the sphere’diffusive behavior due to the relaxation of entanglements.
center using a prior calibration of displacements generMechanical vibrations of the stage introduce an oscillatory
ated by a piezoelectrix-y stage. (The voltage varies error in{Ar?(r)) which is maximum at =~ 5 X 1073 s.
linearly for displacements out to 130 nm and exhibits We have also measure@r>(¢)) using transmission
a maximum at 200 nm.) The sphere’s trajectory iSDWS with a 2 mm thick rectangular cell. We illuminate
obtained by sampling the voltages with a 12-bit A/Dthe cell with an intensity-stabilized argon-ion laser in a
converter at rates up to 50 kHz. The spatiotemporal ressingle frequency mode at = 514 nm. The scattering
olution is 0.01 nm/Hz'/? above 500 Hz, degrading to mean free path of the light} = 166 um [9], is much
1 nm/Hz!/2 at 20 Hz due to mechanical resonances of thesmaller than the cell thickness, ensuring strong multiple
stage. To avoid wall effects, we consider a sphere at leastattering from the spheres; scattering from the polymer is
3 uwm away from the cover slip; the sphere is initially cen- negligible by comparison. Correlation spectroscopy of the
tered in the beam using feedback from the photodiode tfluctuations of the scattered light intensity, caused by the
control thex-y stage. motion of the spheres, is made using a digital correlator
The trajectory of a sphere in the PEO solution measureted by a single-mode optical fiber and photomultiplier
using LDPT is shown in the inset of Fig. 1 over a durationdetection system. From the intensity correlation function,
we calculate/Ar%(¢)) [9], as shown by the lower curve in
Fig. 1. The shapes of the DWS and LDRXr2(r)) are
in excellent agreement, and the LDPX7%(¢)) lies nearly
a factor of 2 above the DW$Ar%(r)), as expected for
spheres witha differing by a factor of 1.9. The remaining
error of about 10% may result from coupling of the
sphere’s axial motions to the transverse LDPT voltages.
Assuming that the complex fluid can be treated as
an isotropic, incompressible continuum around a sphere,
the fluid’s viscoelastic spectrungi(s), can be calculated
from the unilateral Laplace transform 6&r2(z)) using a
generalized Stokes-Einstein equation [6],

2oy kgT
ok OO T rasarey ®
1076 10 1072 10° wheres is the Lqplace frequency arig; is Bol_tzmann’s _
£ (s) constant. Equation (1) is based on a generalized Langevin

equation which describes the sphere’s motion in the
FIG. 1. The three-dimensional mean square displacemengontinuum (neglecting the sphere’s inertia), and it is
(Ar?(1)), as a function of time for polystyrene spheres in aconsistent with energy equipartition and the fluctuation-
viscoelastic entanglement network of polyethylene oXiilex  gjgsipation theorem. However, Eq. (1) is also based on
10° mol.wt.) at 3% by mass in water determined using LDPT the implici . h ’S K d f .
(radiusa = 0.26 um; upper curve) and DWSa(= 049 um: e implicit assumption that Stokes drag for viscous
lower curve). Inset: two-dimensional trajectory measured usindluids (no-slip boundary conditions) can be generalized to
LDPT at a sampling rate of 15 kHz over 1 s. viscoelastic fluids at als. Since this assumption may not
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be true in general, Eq. (1) is phenomenological. Fronfrequency viscosity associated with the relaxation of
the measuredAr?(¢)), we avoid the truncation errors colloidal entanglements. For larger, the slope becomes
introduced by taking the numerical Laplace transformmuch less than one, reflecting a plateau elasticity of
and instead estimai@(s) by substituting(Ar2(r)) into an  the network corresponding to the confinement region
algebraic Stokes-Einstein form, in (Ar%(1)). At the highestw, attained using DWS,
ksT tﬂe slope b(re]gins to r#s,e _towardlunitly again, _refle;:tiﬂg
,  the approach to an effective molecular viscosity of the
ma(Ar2 ()1 + (0 In(Ar2@)/0 Inn)] |, _, water and polymer. We compare tHis*(w)| with that
(2) measured for the pure PEO solution using a controlled-
where[ is the gamma function. This form is physically Strain rheometer with a cone and plate geometry (sample
justified since the slope @ r(1)) on a log-log plot must volume of 0.2 ml) at a strain of = 0.02 in the linear
lie between zero and one, and the gamma function (whicFegime. The mechanicdiG*(w)| confirm those found
deviates from unity by at most 12%) is the conversionffom LDPT and DWS. .
factor between transform pairs; it matches the numerical Having demonstrated the validity of our approach
Laplace transform fors at which truncation errors are for a PEO network, we apply it to concentrated DNA
negligible. We calculateG,(r) by taking the inverse in a saline buffer. We disperse linear, double-stranded
Laplace transform of(s) using the canonical method of DNA from calf thymus having an average number
relaxation spectra [4]; a fit of (s) to 3;G;s/(s + 1/7;)] N =13 X 10" base pairs aCpys = 10 mg/ml in an
(with 7; chosen logarithmically to cover the desired rangedueous buffer containing [tris-HO(pH 7.9) = 10 mM,
of 5) is made using a nonlinear least squares routindgNaCll = 50 mM, [KCI] = 50 mM, [MgCl] =5 mM,
and G,(r) is reconstructed from a sum of decaying[BSAl =15 ug/ml, and [EDTA] = 0.1 mM. (BSA
exponentials using weightsG;, determined from the IS bovine serum albumin, and EDTA is ethylene
fit. The weights also determine the unilateral Fourierdiaminetetra-acetic acid.) These DNA are available in
and G”(w), respectively [4]. This procedure provides Agitation over one week renders the solution homoge-
an unbiased way to determine all relevant moduli fromneous. Evenap =~ 0.01, microscopy reveals aggregation
(Ar2(1)). of the spheres. This aggregation precludes the use of
We computeG(s) from (Ar2(¢)) obtained using LDPT DWS to determineG*(w), since DWS averages over the
and DWS, as shown by the solid circles in Fig. 2; themotion of all particles, including those surrounded by
G(s) are nearly identical. By fitting’(s), we calculate Neighbors within the aggregate; this motion is not the
|G*(w)| (open circles) and5,(¢) (inset). At the lowe, Same as that for an isolated particle in the DNA solution,
|G*(w)| rises with a slope of nearly unity; the terminal SO EQ. (1) cannot be used. However, since LDPT works

diffusive behavior in(Ar2(¢)) is equivalent to a low at effectively zerog, this problem is eliminated, and
G*(w) can be measured.

A comparison ofG'(w) and G"(w) for concentrated
' ' ' ' ' DNA measured mechanically (solid and open diamonds)
and using LDPT (solid and dashed lines) with piezoelec-
tric calibration setting the magnitude is shown in Fig. 3.
The two methods agree remarkably well; moreover, LDPT
extends two decades higherdn The concentrated DNA

G(s) =

J—
[e]
N

, |G* (®)| (dynes/cm?)
=

s 10* exhibits classical features of polymer entanglement net-
3 103 works, including a plateau elasticity at highand a low
5 § frequency viscous relaxation of entanglements at dow
10 T 10 1 The feasibility of using LDPT to determine macro-
S 10! scopic viscoelasticity hinges upon several assumptions.
© 0t 10?7 10 The good agreement we find for the PEO entanglement

. L £ network is strong evidence that the local moduli surround-

10" 10° 10! 10> 100 10*° 10° ing the particle are identical to the bulk moduli; this con-
—1) tinuum assumption underlying Eq. (1) holds as expected
for ¢ < a, but it may break down fou¢é. Our observa-
FIG. 2. Frequency-dependent magnitude of the viscoelastitions also directly show that the PEO entanglement net-
spectrum, G(s) (solid circles), for the 3% PEO solution work is an ergodic material, since\r2(r)) determined

determined from LDPT and DWS (lower and upper curves). ;
Also plotted is the magnitude of the complex modulus,.by ens_emble a"era?'”g OVer many prob(_e spheres (DWS)
IG*(w)], from LDPT and DWS (open circles) and mechanical 'S equivalent to{Ar-(¢)) determined by time averaging

rheometry (large diamonds). Inset: the corresponding temporfVer the motion of a single isolated sphere assuming a
dependence of the stress relaxation modudisz) stationary process (LDPT). This equivalence is implied

G(s)

3284



VOLUME 79, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OTOBER 1997

cal method we have presented. Faster video hardware

103
NE 10 may be used to increase the frequency range of VPT,
L and faster A/D sampling may allow LDPT to reach the
$ megahertz range, rivalling DWS. Interferometric particle-
§\102 : . tracking methods [11] may also be used to attain simi-
Z larly high resolution, albeit only in a single dimension.
_ Confocal microscopy may permit full real-space visual-
\@ 10'] ] ization of the. traj(_ectory_. By detectir@.rz(t» along in-
[0 de_pender_lt d|_rect|ons,_ it may pe poss,lblg to measure f[he
. anisotropic viscoelastic moduli of materials having ori-
’é\ ented microstructures. Ultimately, the tracking of or-
=10t . ganelle motion inside cells using the principles we have
O t L L L 1 ] outlined may yield a completely noninvasive method for
10! 10 100 102 10°  10* in vivo microrheology.

G(s)
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in an aqueous saline buffer measured using LDPT (solid and

dashed lines) and mechanically (solid and open diamonds). The

measured viscoelastic spectruéis), from LDPT is coplotted

as the solid circles.

since the measurddi*(w)| — 0 asw — 0. By contrast, [1] F. Ziemann, J. Radler, and E. Sackmann, Biophy$6,).
for nonergodic materials, such as glasses which can have 2210 (1994).

structural modes of relaxation related to length scalesl2] F. Amblard, A.C. Maggs, B. Yurke, A.N. Pargellis, and
much greater tham, these two averages are not equiva- . S- Leibler, Phys. Rev. Letiz7, 4470 (1996). .

lent, and it may be necessary to track many particles[s] \ll_..-P..dHaX\sedn a.ndLl'Rd' Migggaldrheory of Simple
at different localities \/2vithin the mqterial to build a true 4] R'.q;' ;i&d?aR.%TIX,rmZPro?lgl, and )O Hassag@ynamics
ensemble-averaged r*(¢)) from which the moduli can

of Polymeric Liquids(John Wiley and Sons, New York,
be extracted. 1977).

In addition to LDPT, we have used video par- [5] T.G. Mason, H. Gang, and D.A. Weitz, J. Opt. Soc.
ticle tracking (VPT) [10] as a complementary technique Am. A 14, 139 (1997).
and obtained good agreement with all other methods.[6] T.G. Mason and D.A. Weitz, Phys. Rev. Left4, 1250
For weak materials in which the particle may diffuse (1995).
quickly out of the linear voltage-distance range of LDPT, [7] S.B. Smith, Y. Cui, and C. Bustamante, Scier2d, 795
VPT is more appropriate. According to Eq. (1) and the __ (1996). o _
nanometer-scale spatial resolution, VPT is limited to [©] '(:Msg'rgv'j”:iﬂamgw?{'zrﬁf fé%tés)'“ca' and Thermal Physics
|G*(w)| = 10° dyn/cn? and frequencies less than 15 Hz T H ZIO9). .
for micron-sized spheres, whereas we project that LDPT[g] D.A.Weitz and D.J. Pine, ibynamic Light Scattering,

. . edited by W. Brown (Oxford University Press, Oxford,
can be used to measure extremely elastic complex fluids 1992).

with |Q*(w)| = 107 dyn/cn?, due to its higher spatial [10] S.C. Kuo, J. Gelles, E. Steuer, and M.P. Sheetz, J. Cell
resolution. Sci. Suppl.14, 135 (1991).

Since particles can be tracked in many ways, we envif11] K. Svoboda, C.F. Schmidt, B.J. Schnapp, and S.M.
sion numerous extensions of the essential microrheologi-  Block, Nature (LondonB65, 721 (1993).

3285



