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Localized Dynamic Light Scattering: Probing Single Particle Dynamics at the Nanoscale
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We developed an experimental technique which probes the dynamics of a single colloidal particle
over many decades in time, with spatial resolution of a few nanometers. By scattering a focused laser
beam from a particle observed in an optical microscope, we measure its fluctuations via the temporal
autocorrelation function of the scattered intensitygstd. This technique is demonstrated by applying it
to a single Brownian particle in an optical trap of force constantk. The decay times ofgstd, which
are related to the particle position autocorrelation function, scale ask21, as expected from theory.
[S0031-9007(96)02028-5]

PACS numbers: 87.64.– t, 05.40.+ j, 42.25.Fx
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Dynamic light scattering (DLS) has become a power
technique for measuring dynamics of colloidal partic
over many decades in time down to the nanosecond reg
[1]. In a typical DLS experiment a laser beam imping
on a sample volume which contains a large numbe
scatterers. The scattered light collected by a dete
far from the sample is generated by the interference
light scattered from all the particles. The random therm
motion of these particles shifts the relative phases of
scattered fields and yields temporal intensity fluctuatio
In such experiments, where the beam waist varies o
scales which are much larger than the particles and t
motion, a single isolated particle will scatter light with
constant intensity and hence will not produce tempo
intensity correlation.

However, in many cases the dynamics of an isola
possibly complex, object is of interest. This situation
common in the biological realm where objects such
cells, organelles, or even protein macromolecules ha
rich dynamics that depends on their structure and local
vironment. Examples range from motor proteins mov
along polymeric fibers [2] to the elastic flickering of re
blood cell membranes [3]. Direct access to the dynam
of localized single entities thus would allow for scrutiny
complex biological processes at high resolution.

In this paper, we present a new technique called lo
ized dynamic light scattering (LDLS). It incorporates bo
DLS and optical microscopy in a direct measurement of
position autocorrelation function of a single object. Wh
DLS has been implemented with optical microscopy in p
vious works [4], the present work extends DLS to pro
the dynamics of a single particle. This is achieved by
luminating the object with a strongly focused laser be
whose intensity profile changes over scales comparab
the size of the object. The autocorrelation function (AC
is therefore based on intensity fluctuations due to the si
particle and not on phase interference from many parti
nor on number fluctuations [5]. The scattered light is c
lected using an optical fiber probe that can be placed
0031-9007y96y78(1)y154(4)$10.00
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manipulated in close proximity to the particle. The light
transferred via the fiber to a photodetector whose signa
fed to a digital correlator where the temporal intensity a
tocorrelation function, which contains information on th
particle dynamics, is computed. The scattering object c
be either a rigid particle, such as a glass bead, or a par
with internal degrees of freedom, such as a cell membr
or any other organelle. We present the physical princip
of this technique and describe a simple experiment wh
a single spherical particle is held in a potential well that
formed with optical tweezers [6].

In a LDLS experiment the scattering volume is of th
order of,l3, wherel is the wavelength of the scatterin
light source. This is achieved by illuminating the samp
through a microscope objective lens producing a shar
peaked intensity profile near the focus. Assuming
incident cylindrical symmetric beam propagating along t
z axis we approximate the intensity profile by a Gauss
[7] Iinc ,

Q
i expf2r2

i y2svS
i d2g, wherev

s
i is the waist of

the axially symmetricsvS
x ­ vS

y d beam andi ­ x, y, z.
This allows scattering from only a well defined region
the sample given by beam waists that are of the order ol.
Within this region we consider a single pointlike scatter
whose position relative to the beam focus is$rstd. In this
case the scattered intensityIs changes in time only due
to the motion inside the inhomogeneous beam, and he
Isstd , Iincsss$rstdddd. The intensity ACF is therefore

gstd ­ kIss0dIsstdl ,

*Y
i

exp

"
2

r2
i s0d 1 r2

i std
2svS

i d2

#+
. (1)

Note thatgstd depends on time only throughristd. We
have demonstrated that the LDLS technique works
applying it to a Brownian particle inside a potential we
We first describe the experiment and then calculategstd
from a dynamical model for the particle motion.

Figure 1 is a sketch of the experimental setup.
spherical silica bead suspended in water was trapped b
strongly focused laser beam with a spot of dimensionsv

T
i
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FIG. 1. Schematic drawing of the LDLS setup. Argon: arg
laser (Coherent Innova 70) operating in the 514.5 line, coup
via a single mode fiber. VND: variable neutral density filte
HeNe: HeNe laser (Uniphase 1125P). BC: beam cube,
and M2: mirrors. BE: beam expander composed of t
positive lenses, I: Iris diaphragm. Z: inverted microsco
(Zeiss Axiovert 135). DM: dichroic mirror. CCD: charge
coupled device camera. MON: monitor and video record
O: microscope objective (Zeiss plan-apochromat x63/1.4.
sample. P: pipette holder used to support the fiber detec
MM: micromanipulator (Narashige MHW-13). F: single mod
fiber with 4 mm core diameter. PMT: photomultiplier tub
with 628.3 nm line filter (Thorn EMI 9863By100). PD:
preamplifier and discriminator (Thorn EMI), Correlator: digit
correlator (Brookhaven instruments BI-9000). Inset: close
view of the scattering cell.

and tunable intensityIT
0 . The optical tweezers were set u

using an inverted microscope, a high numerical apert
lens, and as514.5 nmd green argon laser. The bead
radius0.5 mm was trapped about50 mm above the bottom
cover slip (see inset of Fig. 1). To control independen
the trap force and the scattering intensity, we used a
s632.8 nmd HeNe laser, collinear with the green laser,
the scattering light source. The relative intensities of
two lasers was less than1y100, and hence the trapping
effect of the weaker red laser could be neglected. The fi
probe was positioned about100 mm away from the optical
d
.
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axis forming an angle of75± with the incident direction.
A 632.8 nm line filter in front of our detector ensured th
only the red light was actually probed. Fine adjustments
the probe (enabled by a sensitive micromanipulator) w
carried out in order to optimize the signal to noise rat
For any given trapping intensityIT

0 , a few minutes were
sufficient to acquire a smooth correlation function.

The resulting potential well that is formed by the gre
laser is approximately harmonic [8], with a restoring for
2kiri acting on the particle. The spring constantki

is directly proportional to the trap intensityIT
0 , to the

polarizability of the particlea, and inversely proportiona
to the square of the trap width,ki ­ IT

0 aysvT
i d2. If the

restoring force is strong enough it confines the parti
within the trap, and hence its motion has an exponenti
decaying position ACF [9]:

kris0dristdl ­ r̄2
i exps2tytid , (2)

with ti ­ 6pRhyki . R is the radius of the particle an
h is the viscosity of the surrounding solution [10]. Th
mean square fluctuation of the particle isr̄2

i ­ kBTyki,
where T is the temperature andkB is the Boltzmann
constant.

Since both the scattered and the trapping laser
collinear and focused through the same lens, the inten
ACF, Eq. (1), becomes a product of three decoupled Ga

sians:gstd ,
Q

ikexpf2 r2
i s0d1r2

i std
2svS

i d2 g l. In order to proceed
further we perform the averages using both the particle
sition distribution functionPsrid , exps2r2

i y2r̄2
i d [9] and

the position correlation function, Eq. (2). The resultin
normalized intensity ACF is [11]

g̃std ­
kIss0dIsstdl

kIss0dl2
­

Y
i

1p
1 2 Si exps22tytid

, (3)

where 0 # Si # 1 is a dimensionless parameter whic
takes into account the ratio of the scattering beamwi
and the mean square fluctuations in the well,Si ­ f1 1

svS
i d2yr̄2

i g22.
In the case of a strong trap, where the mean squ

fluctuations are smaller than the scattering laser wa
r̄2

i ø svS
i d2, an expansion of Eq. (3) yields a sum of thr

decoupled exponential functions,

g̃std . 1 1
1
2

X
i

Si exp

µ
22t
ti

∂
. 1 1

1
2

X
i

µ
T

kisvS
i d2

∂2

exp

µ
22t
ti

∂
, (4)

which may be reduced to two independent exponen
functions due to the axial symmetry in our system. In t
case of a weak trap where the mean square fluctuat
are much larger than the beam waists,r̄2

i ¿ svS
i d2, the

particle randomizes its motion before acquiring poten
energy. Therefore it exhibits random diffusive motion f
155
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FIG. 2. Typical normalized intensity autocorrelation functio
measured for a silica bead of radius0.5 mm. The semilog
plot manifests the two decay times resulting from the differ
trapping widths in the axial and transverse directions. The s
line is a fit using Eq. (3).

short times,t ø ti , and then Eq. (3) predicts a power la
gstd , t23y2 which we have not yet measured.

A typical ACF is shown in Fig. 2 together with a fi
using Eq. (3). We readily identify two well separate
decay times, in accordance with Eq. (4). Figure 3 sho
a plot of the two time scales obtained from the fits a
function of laser intensity. Both plots yield an invers
power lawti , 1yIT

0 as expected from the theory. Th
longer time scale corresponds to motion in the longitudi
direction while the shorter time scale is related to t
transverse motion. Using the relationt ­ 6pRhyk, we
obtain the values of the force constantsk as a function of
laser intensityIT

0 for both time scales. In the inset of Fig.
we plot 1yt as a function ofk for both the longitudinal
and the transverse directions, and obtain data collapse
one curve. The shortest mean square displacement

FIG. 3. Plot of the inverse time scales for the axial (squar
and transverse (circles) motion of the particle in the thr
dimensional potential well versus the laser intensity. Ins
collapse of the two time scales when replotted as functi
of force constantk, obtained from the intensity using th
theoretical relationti ­ 6pRhyki (see text).
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is ,10 nm, corresponding to the shortest time measur
but our technique allows much better resolution in tim
and thus better spatial resolution if, for example, smal
particles are used. We note that we can extract the an
tropy of the optical trap from the measured decay tim
vT

x yvT
z ­

p
txytz ­ 0.4.

The above ACF, Eq. (3), is exact only for a poin
like particle which scatters isotropically. However, for
spherical particle which does not scatter isotropically, t
temporal behavior of the ACF is not altered as long as
particle executes small excursions compared with the s
tering beam waist [11,12]. In our experiment the me
square amplitude of the particle in the optical trap is
most of the order of the trap size. Therefore the use
Eq. (3) to analyze the measured ACF is justified. We no
that the high signal to noise ratio obtained is a result
both our light collection geometry and its positioning
the vicinity of a scattering minimum. A simple calcula
tion that substantiates this experimental observation w
be published elsewhere [11].

We have presented the salient features of the n
LDLS technique and described an experiment with
single particle trapped in a potential well. The scattering
an inhomogeneous beam from a localized particle provi
direct information on the three-dimensional motion of th
particle. DLS from single particles under a microsco
may have diverse applications in biophysics. Scatter
from more complex structures such as cell membranes
organelles can provide dynamical information down to t
nanoscale.
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