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Localized Dynamic Light Scattering: A New Approach to Dynamic
Measurements in Optical Microscopy
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ABSTRACT We present a new approach to probing single-particle dynamics that uses dynamic light scattering from a
localized region. By scattering a focused laser beam from a micron-size particle, we measure its spatial fluctuations via the
temporal autocorrelation of the scattered intensity. We demonstrate the applicability of this approach by measuring the
three-dimensional force constants of a single bead and a pair of beads trapped by laser tweezers. The scattering equations
that relate the scattered intensity autocorrelation to the particle position correlation function are derived. This technique has
potential applications for measurement of biomolecular force constants and probing viscoelastic properties of complex
media.

INTRODUCTION

The development of new techniques of micromanipulationTemporal light intensity fluctuations at a distant detector
that are able to probe the behavior of microscopic objects arise from the interference of the scattered fields, whose
length scales comparable to those of single macromoleculeglative phases shift due to the thermally induced motion of
has opened new horizons for research in fields ranging fronthe scatterers. Intensity fluctuations induced by changes in
physics to biology. Optical tweezers (Ashkin, 1980; Ashkinthe number of particles within the scattering volume are
et al., 1997; Svoboda and Block, 1994; Simmons et al.negligible because of their large number. In contrast, LDLS
1996) have allowed researchers to measure the elastic projs-based on scattering by a single object in a highly inho-
erties of single DNA molecules and their behavior as modemogeneous field of light. The scatterer can be a simple
polymers, measure the forces exerted by single motor prgparticle such as a solid bead or a droplet, or an object with
teins and enzymes such as RNA polymerase, probe forces internal degrees of freedom, such as a cell organelle or
colloidal crystals, and test basic notions of statistical physmembrane. The illumination field can be produced, for
ics, such as transport in thermal ratchets and escape froexample, by focusing a laser beam with a microscope ob-
potential barriers (Kuo and Sheetz, 1993; Svoboda et aljective, or by an evanescent field. An optical fiber placed in
1993, 1994; Finer et al., 1994; Yin et al., 1995). In many ofclosed proximity to the object collects the light that the
these experiments there has been a recurrent need to detebject scatters and transfers it to a photodetector whose
minute motions or displacements, from which forces orsignal is fed to a digital autocorrelator for the calculation of
other properties of interest can then be extracted. This hafie temporal autocorrelation function.
been done, for example, by monitoring the position of In this paper we present the main principles of the LDLS
particles by video, by using interferometric methods, or bytechnique. The outline of this paper is as follows. In the next
tracking displacements with multielement semiconductorsection we obtain theoretical expressions for the temporal
devices. intensity autocorrelation function for a focused beam. This
We have recently proposed the technique of localizeds followed by a description of our experimental setup, and
dynamic light scattering (LDLS) for the study of dynamical in the Results we illustrate the technique by applying it to
properties of single objects at the nanometer level (Bar-Zibeads trapped in a potential well formed with optical twee-
et al,, 1997). LDLS differs from other well-established zers. Finally, we present a summary and discuss possible
dynamic light scattering techniques (DLS) in a number ofextensions and limitations of LDLS.
key aspects. In a typical homodyne DLS experiment, one
illuminates a large number of particles with a nearly homo-,

geneous field of light (Berne and Pecora, 1976; Chu, 1991 THEORY

In this section we establish the theoretical framework for
understanding the scattering autocorrelation function (ACF)
Received for publication 18 July 1997 and in final form 4 December 1997'fr0m a single particle in an inhomogeneous Iight field. We
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time dependence df(t) enters only through the trajectory new essential information. It follows from Eq. 2 that the
of the particlel(t) = 1(R(t)). The temporal intensity cor- ACF is
relation, which is the measured quantity, is then determined

solely by the dynamics of the particle. To see this, we ) RA(0) + RA(t)
expand a general intensity distributit(fi) in the vicinity of (10)14V) =15 H exp{ _zwgl :
its peak: :
1 /9 12 In the last equation we choose the componené(t)fto be
IF)=lg+= 2 —m| 2=l 1= D 5|, collinear with the principal axes of the beam, so that we can
2 [ (ari)o ( i Zwi) replace the average of the product by the product of the

averages. To evaluate each average, we make use of the
wherei = x, y, z and w;, are the widths of the intensity Symmetrized variable®.(t) = [R(t) = R(0)]/A/2, which
distribution around the peak in the three directions. Theare uncorrelated, andR.()R—(t)) = 0. This property
scattered ACF for a particle locatedfat R(t) is therefore ~ €nables a further decoupling into a product of two single

given by the time average: Gaussians in each direction:
1 (RY\? R'(0) + R(t)
(10)14(b) = Ié[(l—z Ef_ﬁ) <exp[_2w.2]>
P @) |
R RL(
1.1 = — —
+ 32 (RORO) - <R-2>2>], <EXP[ 207 }><exp[ 207 ]>

The stochastic variabld® . (t) obey a Gaussian probability
where(R?) = (R¥(t)) is time independent. In the case where distribution, P(R.(t) = (2m(R2.(t))) “2exp[-R2.(t)/
R(t) obeys Gaussian statistics, we hdR&)R(0)) — (R)*  2(R2.(t))], where (R2.(1)) are the mean squares BY. (t).
= 2R (HR(0))% and hence the ACF is directly related to the Using this distribution to calculate the decoupled statistical
position correlation function of the center of mass of theaverages, one gets

particle.
In this section we first apply these ideas for the particular S-1
case of a Gaussian beam. We calculate explicitly the inten- 101y = 1511 ©))
' pIcty 7 \F — (RORO0)(RY

sity ACF of a point particle exhibiting Brownian motion :
confined inside a harmonic potential well. We then consider h - 2 : f the b idth
the finite size effects of the scatterer on the ACF, and show" ere§ = 1 + of/(RY) is a measure of the beam widt

that they introduce corrections to the leading temporal defelative to the particle mean square amplitude (we note in a
pendence, which remains that of a point particle previous publication a change from our notation used to
' ' define§; Bar-Ziv et al., 1997). It is common to normalize

the ACF by its value at infinity t(— ):

S
& — (RORO)YURY

A point particle in a focused beam (140)141)
g(t) = <|S>2 = H

(4)

Consider scattering by a particle subject to an inhomoge-
neous light illumination whose intensity we model by Gaus-

sian functions: assuming thatR) = 0. The normalized amplitude of the

ignal is th
1(F) = 1o [ ] exp(—r{f20)), (2 Sianalis then

Lo o _ BEg(O)—1=H(i>—1.

wheref = R(t) is the position of the point scatterer. The i \532 -1

time dependence of the scattered intensity enters implicitly

only through the trajectory of the point particlgR(t)). For small particle excursions with respect to the beam waist,
Equation 2 is a convenient approximation of the actualw?(R?) >> 1, we haveB ~ ¥23(R%%w], and for the other
shape of a focused Gaussian beam that is a Lorentzian in thextreme ofw?/{ R? << 1, B ~ II,((R?)/20?)*'?, which is the

z direction and Gaussian in they plane (Yariv, 1991). ratio between the fluctuation volume and the volume of
Note that we are interested in small particle displacement8lumination. Thus the amplitude of the signal is enhanced
around the center of the intensity distribution for which afor strongly focused beams and for large mean square
Gaussian distribution ingives essentially the same dynam- amplitudes. This result is applicable only for a point parti-
ics in the ACF. Our prediction for the ACF can be gener-cle. For finite-sized particlesp is affected by the form
alized to account for a Lorentzian in tlelirection, which ~ factor, as we discuss below (under Effects of the Particle
would involve more cumbersome expressions without anyForm Factor).
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A Brownian particle in a harmonic potential the case of strong fluctuations or a weak potential> 1,
and the general ACF (Eg. 3) goes to zerotas «. We

ConS|d§r a partllcle e>§h|b|t|ng Brownian motion inside A therefore cannot normalize the ACF, which takes the fol-
harmonic potential, which could be formed, for example, byIOWIng form:

laser tweezers or by a macromolecule anchored on one side
to the particle and on the other side to a rigid surface, whose W\ M2 Dt\ 2
force constant we wish to measure. We assume that the {014ty =13 H( ) ]‘[(1 + 2) , (8)
principal axes of the potential are collinear with the illumi- (R [ i
nating beam. To calculate the scattered ACF of this con-
fined particle, we introduce its stochastic equation of mo-which decays as *? at long times. Note that ds— o, the
tion, neglecting the inertial term that would give rise to a ACF signal becomes very weald(0)I(t)) — O, because
fast time scaler = m/¢ (shorter than Jus for micron-sized the motion takes place mostly outside of the scattering
silica particles): beam. A discussion of the extreme limit of a freely diffusing
. particle and the experimental procedure used to enhance the
KR + (R =1f(V). signal in this case is given in the Results section (under The

. . Diffusive Limit).
Here k; is the force constant proportional to the second

derivative of the potential, expanded about its minimym;

is the friction coefficient; and(t) is a stochastic uncorre- .
lated thermal force, Effects of the particle form factor

"y — o _ The previous discussion of the time dependence of the
(FOF)) = 2leTa(t ~ 1), (1) =0. correlation function was based on a model of a fluctuating
The correlation function of the positioR,(t), decays expo- point particle. For a finite body, the entire volume of the

nentially: object contributes to the scattering, and this may change
both the wavevector as well as the time dependence of the

(ROOR(D) = (R)exp(—t/T) ®) intensity autocorrelation function. Below we derive an ex-

where pression for the LDLS intensity for scattering from a finite

body. We show that when fluctuations of the center of mass
are small compared to the linear dimensions of the body and
T = K to the optical wavelength, the scattering can be written as
the product of the LDLS intensity for a point particle,
and the mean square amplitudgR) = kgT/k;. HereTis  multiplied by a form factor that takes into account the
the temperatureks is the Boltzmann constant, anfl=  spatial inhomogeneity of the laser beam. When this form
67na, wherea is the radius of the particle ang is the  factor vanishes, higher order terms in the position of the
viscosity of the surrounding solution (Doi and Edwards, center of mass must be taken into account, and this changes
1988; Chaikin and Lubensky, 1995). The decay timés  quantitatively the time decay of the intensity correlations.
also the time it takes the particle to diffuse over a distance The intensity-intensity ACF is proportional to
equal to the mean square amplitut®?) = Dr,, whereD =
ksT/{ is the diffusion coefficient. Using the position corre- (I{1)140)) = (E{(0)EX(0)E4t)EXt))
lation function (Eq. 5), the normalized ACF (Eq. 4)
becomes whereE((t) is the scattered electric field and the average is
over the fluctuations of the particle. At a distarttia the far
g =[] S (6) field, E(t) is given by (Berne and Pecora, 1976)

_ 2t\
E()=-4 | &"“"A@drdg
For a strong restoring force, the fluctuations are smaller than
the beam size§ >> 1, and the ACF can be approximated

by a sum of exponential functions: where T is the distance from the origin, defined by the
incoming beam focal point, to a point within the scatterer.
g ~1+> z<<Rz>) F<—2t> @) A(Q) is the Fourier transform of the incoming Gaussian

T) field, A@@) ~ exp(— (@ — Go)’w?2), whereq, = ko kIO is

the primary scattering Wavevectok,o is the incoming

Equation 7 is identical to Eq. 1, obtained for a generalwavevector along the axis of the beam, ekads the out-
quadratic intensity distribution when substituting the posi-going wavevector in the direction of the observer. The
tion correlation of the Brownian particle. This is the limit factor in front of the integral gives a constant amplitude,
where the particles perform small excursions, and hence thehich we omit hereafter. The integrals extend over the
Gaussian beam is approximated by a parabolic profile. Irvolume of the body and over the scattering wavevectors.
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After transforming to the center of mass positl%@) using  Dumbbell model

p =T~ R(), and integrating oveg-space, we obtain In principle, one can proceed and obtain the full ACF for a
. RA(t) . sphere using the above scattered fields. However, this in-
Eqt) ~ ex;{—iqo- R(t) — Tk F(Go R, (w))), (9) volves cumbersome calculations. Instead we chose to
present the essential physics by considering the simple

model case of a dumbbell. This model, which is solved
analytically, provides the finite size and large displacement
corrections to the dynamics of the ACF. In addition, one can

F( ﬁ(t) ) estimate the theoretical value of the signal-to-noise ratio
o and show that it is maximized in the vicinity of a scattering

where the scattered field of a point particle is multiplied by
F(@y R ) in which finite size effects are lumped in

e R®) P node. . .
= J dp expidy - p) exp(—4w2) exp(— 5 ) (10) Consider two point particles located at the ends of a rod
v of fixed length 2. For simplicity, we restrict their motion to
one dimension along the rod axis, inside a beam whose

We consider here, for simplicity, only the isotropic case, profile is given byl ~ exp(—x%/2w?). The only degree of
= w, in which the fluctuations of the position of the center freedom of this system is the position of the rod cerfiét),
of mass are smaller than the particle size or the wavelengthich determines the positions of the two point scatterers,
of light. Then the last term iff(q,, R, w) can be expanded R, At) = R(t) = |. The scattered fields from the two parti-
as expER() - pl2o?) = 1 — REY) - pl20? + (R@) - p)%/8w”.  cles areE, ~ exp(~ig - R)exp(—R4w?), whereg is the
This is valid for small fluctuations of a large particle, scattering vector. The total intensity is then given by
because for most of the integration volune> [p| >
IR()], except for a narrow neighborhood around its center, _ E, + Ef ~ exp(—R2>exp<—|2)
|p| = |R()|, whose contribution to the volume integral is * '™ 2 20° 20? (13)
negligible. Integration then yields

- . [cosl‘(%) + cos(ZqI)].
F(Go, R1), o) ) w

. Rt Rt The first exponent is the point-particle contribution due to
= Fol(Go, @) = 5 > Fi(Go, @) + g 4 FaCo, o), the motion of the center of mass inside the beam. The other
terms account for the phase interference, which vanishes for
whereF (T, w), ﬁl(qo, o), andF,(,, ») are the moments one particle] = 0. The scattered dumbbell intensity is not
of the form factor: isotropic, as for a point particle, and contains an angular
dependence cog{B.

ﬁ(t) n p? To calculate the ACF we need to calculate averages,
Fn(Go, ) = [ dp 5-% exp(idy - p)ex ~a02)" using the particle probability function, just as for a point
v particle. The result is
The first term of the expansion contains the usual phas S— o ®
of a plane wave and an additional Gaussian dependence dgle(o)ls(t)> - \]52 — A2 e ([cos2q)) + € (14)
to field inhomogeneity. For a spherical particle of radiys
one can write it as + 2e®sinki(d - A))
S WELCTNN p( P )d ) whereA(t) = (RORO)KRE) and
0 o P 40?) 2 S— A2
OM) =5 g Az

In the limit of a small particlea << w, A, F; = V, whereas
for a — », Fy = 4V mw’exp(—g2e?). Notice that the prefactor is the point particle<£ 0) ACF

The resulting form factor,F,, shows deep minima (Eq. 3). The first term accounts for the angular dependence,
(nodes) as a function of the scattering waveveajgrNear and the others are exponential functions of combinations of
these nodes, the terms proportionalReand R¥(t) in the  the position correlation functionA(t), which introduce
expansion (Eq. 11) should be taken into account. Then thBigher harmonics of the basic time scales,
temporal dependence of the ACF is modified, because of the In the small fluctuation limitR?, Rl << w? the scattered
explicit dependence oF(G,, R, w) on R(t). Outside the intensity can be approximated by
vicinity of the nodes, the finite body contribution is mani- R/
fested through a constant form factor, which does not alter I~ cog(ql) + 2<2 _ co§(q|)>.
the temporal behavior. 207\ 2w
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The angular part of, exhibits nodes agl = (ql),, = (n + giving a dynamic range of 2.5-3 decades. Our time resolu-
1/2)r. At angles far from a node, c&(g|l) >=> 1%/w? and the tion was extended down te20 ns by cross-correlation of
leading behavior is that of a point particle~ 1 — R¥/20?.  the signal with itself by the use of two PMT detectors. It was
However, in the vicinity of a node, the leading terml iss absolutely necessary to minimize low-frequency noise,
I’R%/4w®, and the ACF scales likéR?(t)R?(0)). The result-  which increases the background level. This was done by 1)
ing ratio of the time-dependent part of the ACF to its DC measuring inside a rigid chamber that is stable against

value 8 behaves like mechanical vibrations, 2) coupling the laser into single
mode fibers to reduce mechanical and pointing instabilities,

_ (10 C1-9l14 27“’2 cos(al) - and 3) averaging many times over the integration period to
Ty? B (R I2120* + cog(ql) | - avoid low-frequency mechanical drifts. Because we scat-

(15a)  tered a strongly focused light beam, the main contribution to
the signal came only from the localized illuminated region.
However, it was difficult to avoid stray light from back
reflections, which increased the background level and re-
duced the signal-to-noise ratio. To minimize this, our mea-

In the vicinity of a node8 is maximized to a value inde-
pendent of the beam geometgy, = 2. Far from the node
this value reduces to the point particle vaie= (R?)%/2w".

;’h_e ‘é\:dih Othh‘;/zQ?”'ar range where the node dominates iguring chamber was made of a light-absorbing material.
RESULTS

EXPERIMENTAL SET-UP . L . .
Single particle in a harmonic potential
A complete scheme of the experimental set-up has been

given by Bar-Ziv et al. (1997). Spherical silica beads sus-We demonstrate LDLS by applying it to a spherical bead

pended in water were trapped by a strongly focused Iaséi‘eld in an optical trap. For small displacement.s, the poten-
beam with a spot of dimensions and tunable intensity. tial well formed by the green laser is approximately har-

The optical tweezers were set up using an inverted micro[nonic’ with a restoring force-«r; acting on the particle.
TI{:e spring constant is proportional to the trap intenkijty

scope, a high numerical aperture lens, and a 514.5-nm gre 2 . . ;
argon laser. To independently control the trap force and thj N mot|9n IS overdamped by the viscous fluid, with an
Pxponenhal time scale given by = 6man/k;.

scattering intensity, we used a red (632.8 nm) HeNe laser; . " . . .
g Y ( ) A typical ACF of a silica bead in an optical trap is shown

collinear with the green laser, as the scattering light source.

The ratio of intensities of the two lasers was less than 1/10d,n Fig. 1. The main feature of this ACF is the existence of

and hence the trapping effect of the weaker red laser coulH’vo. distinct expongntlal decay t|mes (sese), Wh'Ch. we
be neglected. A 632.8-nm line filter in front of our detector attribute to the motion of the particle along the longitudinal

ensured that only the red light was actually probed. Th nd transverse directions in the three-dimensional trap. The

scattered light was collected by specially designed probe ow baseline level and the relatively high intercept (typi-

These probes are based on bare single mode optical ﬁbe?é”y in our experiments = 0.5) result in a wide dynamic
that are treated to tailor their numerical aperture and thick-
ness to the desired application. For example, we reduced the
outer diameter of the fiber to be able to locate the probe at 1
a shallow angle with the incident direction and pick up light
scattered by a scatterer localized close to the bottom cov-
erslip. In addition, one can fine-tune the numerical aperture 0.1t
of the probe by treating the fiber surface so that light is g
collected selectively from the scattering particle (Meller, _
1997). & 001
Fine adjustments of the probe enabled by a sensitive® B2
micromanipulator were carried out to optimize the signal-
to-noise ratio. We were able to reach very high signal-to-
noise ratios by positioning the optical fiber outside the light £ ooot - pros Bt e
cone defined by the incoming beam, so that only scattered 0.0001 T
light was collected. The distance of the fiber tip from the ~ " o4 0.1 1 10 100 1000
localized scatterer was-100 um away from the optical t (mSec)
axis, forming a 75° angle with the incident direction.
The scattered intensity collected by the fiber was fed intd”IGURE 1 A typical ACF of a trapped particle measured by LDLS. The
a photomultiplier tube (PMT) and transferred to a C0rremtor,log-log plot manifes_ts the relatively Iarge signal-_to-noise ratio of the ACF
which calculated the ACF. A few minutes was typically and the extgnded time range gccessmle by t'h|s'method. In the |nset.the
same ACF is plotted on a semilog scale, to highlight the two exponential
sufficient to obtain a smooth ACF at a count rate of 20 kHz.gecay times that correspond to motions in the axial and transverse direc-

The level of the normalized baseline is on the order 6f°10 tions (Bar-Ziv et al., 1997).

T T T T
(§—O—O—OCUHK

0.001 |
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range, which provides a reliable determination of the well- R l I
separated time scales. We fit our data to Eq. 6, leaving as P
free parameters the exponential time scales and their am- o
plitudes. Equation 6 is the ACF of a harmonic pointlike 91 ¢ o« %0t ]
particle, which is the leading term for a finite-sized patrticle. i .

Fig. 2 shows a plot of one over the two time scales < : * e
obtained from the fits as a function the force constanto o I
obtain this plot we measured the time scales as a function of £ i oo
trap intensity, yieldingr; o« 1/ (Bar-Ziv et al., 1997). k . -
Using the relationr = {/k, we obtain the values of the force -
constantsc as a function of laser intensity for both time 001 L s " i
scales, with the known value df The longer time scale T e ]
(square$ corresponds to motion in the longitudinal direc- I
tion, whereas the shorter time scad&€les) is related to the = ‘ I

0.0001 0.001

transverse motion. K (erg/cm?)

FIGURE 2 Plot of the inverse time scales for the ax@) &nd transverse
Scattering from two particles (®) motion of the particle in the three-dimensional potential well as a

function of force constant (Bar-Ziv et al., 1997). The data were obtained
We demonstrate the ability of LDLS to probe dynamics ofby first measuring a linear dependence of the inverse time scales as a

particles that have additional degrees of freedom by scafunction of laser intensities and then converting to force constants, using
tering from a pair of identical beads in contact in the trap.the relationr = 6mmalk (see text).
These additional degrees of freedom show up as new time
scales in the measured ACF. . . . . C

A simple argument shows that the minimum energy cond'oN durlng atime perlpd. ofp = wZ/D’.Wh'Ch IS too short
figuration of the system is that of one bead located close ,[60 obtain enough St'atIStICS fqr a r.ellaple ACF. We thus
the center of the trap while the other one is adjacent in thgonducted the following experiment: a single pead was held
2 direction. Because the beads are in contact, we expect fouff @ Stfong trap and then re!eased,. at \.Nh'Ch point the
distinct modes, namely, two translations of the pair alongm;egratlon of the ACF over an integration F|rfre>> ™~
the transverse and longitudinal axes and two rotations of th& /D, on the order qf 105, was started. Thls. procedure was
pair axis, 0 and o, respectively. The translations of the repeatedN ~ 150 times, which was sufficient to obtain

center of mass exhibit overdamped harmonic motion an&nough statistics. The avgraged ACF |s'shown n Fig. 4.
hence should show up as two distinct exponential time To calculate the theoretical ACF for this experiment, one

scales in the ACF, as in the single-particle case. The motioﬁnus.t replgce the time average over the motion of a smgle
of the anglef formed by the pair axis relative to the beam particle with an ensemble average of many free particle

axis is also overdamped, but with a force constant that i(?avents measured during a finite peribcNotice that in this

weaker than the translational force constants (Meller, 1997)_ormulat|on of the problem, the statistical ensemble no

Finally, the rotation of the azimuthal angle is uncon-
strained because of the cylindrical symmetry of the trap, and
hence a freely diffusive soft mode should be observed with
a typical rotational diffusion coefficient d® = 0.1 rad/s.
This implies a time scale of a few tens of seconds, which is
beyond the limit of our detection in this experiment.

Fig. 3 shows an ACF of a pair of beads in contacfrt
in diameter, with three exponential decay times, in contrastZ 0.01 |
to the single-particle ACF (Fig. 1), which has only two time g
scales. We attribute the first two time scales, of 4 and 20 ms,
to the motion of the center of mass, and the third, of 2.4 s,
to the fluctuations of the angle. The latter time scale is
indeed significantly longer than the first two.

01 L

0.001 L

Lot I | Lo 1 L tul Lol 1o s d

0.01 0.1 1 10 100 1000 104
t (mSec)

The diffusive limit

One expects a qualitatively different ACF for a freely dif- _FIGU_RE 3 _Inten§|ty auto_correlano_n fun(_:tlo_n measured for a pair of
fusi ticle b th . tori f d thldentlcal particles in an optical trap fitteddlid line) to three exponential

usive particie ecause. .ere IS no restoring Orc_e an Secay times: 3.8, 21, and 2400 ms. The first two correspond to motion of
relevant length scale is time dependeMDt. A single  the center of mass, and the third is related to fluctuations of the axis

freely diffusing particle will remain in the illuminated re- angleé.
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1 bermm— long-time behavior of this ACF is qualitatively different
i ] from an ACF of a trapped bead (see Fig. 1), because the data
approacht *2 as shown in Fig. 2 and predicted by Eq. 17.

g(H)-1

DISCUSSION

We have presented a new quantitative tool for studying the
dynamical behavior of single objects in the colloidal and

biological realm. The basic concept is to perform a dynamic
light scattering experiment with a single scatterer under the

0.01F

0.001

Ty

Lol PR L I L

0.01 0.1 1 10 100

L PRI

1000 10% microscope, using focused laser light. For this purpose we
t (mSec) developed a new probe based on optical fibers that enables
one to collect light under the microscope at different scat-
FIGURE 4 Averaged intensity ACF measured for a free (diffusive) tering angles. The light is detected by a PMT coupled to our
particle using the procedure described in the text. At long times the ACFOptical fiber probe, and the signal is fed into a digital

decays a$ >, as expected from Eq. 16. The data are normalized to unity

and fitted as described in the text. correlator that calculates the intensity autocorrelation func-

tion. Using the intensity ACF, one obtains the dynamic
spectrum of a fluctuating object over many decades in time
) ) ) ) down to the nanosecond regime.
longer has time translational invariancel(0)I(t)) + Scattering with inhomogeneous illumination has a two-
((7)I(r + 1)), because for each measurement of the ACF¢, 4 advantage. First, one can scatter light from a specific
the particle was located near the center of the trap=aD.  gpiect or localized region within the field of view of the
We reconstruct the measured ACF of diffusing particles byyicroscope, with a spatial resolution exceeding that of
averaging the signal over the ensembleNoéxperiments:  .,nyentional optical techniques. The second advantage is
1 1 (T that the precise knowledge of the spatial form of the inci-
(101 (0) = — EJ I (t) 1o (T + t)dt'. dent scattering light allows for theoretical prediction of the
N ’ ’ scattering correlation function. We have presented a theo-
retical framework for calculating the ACF of a single rigid
WhenN is large enough, one can replace the sum &by  scatterer by the use of Gaussian illumination. One can now
the statistical average over the single particle Gaussiaaxtend the theory to particles with internal degrees of free-

0

distribution function, dom, such as membranes, or to intensity profiles other than
Gaussian, such as evanescent fields.
BT < ret’) rit+t) > , We demonstrated the feasibility of the technique with a
(10)1(v) = T 1._[ € 2w’ - 2w? dt’. simple model experiment of a single Brownian particle (a
0

spherical glass bead) in a harmonic potential formed by an
(16) optical trap. The motion of this particle in the well is
Averaging and integrating the last expression for the case dg¥verdamped with a time scale given by the ratio of the drag
azimuthal symmetry, we get force and the harmonic spring constant of the potential. 1)
By changing the intensity of the trapping laser, we varied
the force constant of the potential and measured the char-
acteristic decay times of the ACF. These decay times are
inversely proportional to the intensity, as expected from
wherel'(t) is a slowly varying function of andi denotes the theory. 2) For a given trapping intensity, we measured two
coordinatesp andz (Meller, 1997). We note that the long- decay times in the ACF, corresponding to motion in the two
time behavior of the ACF (Eq. 17) is a power law . different directions of the anisotropic optical trapping po-
To compare this prediction to our measured ACF (Fig. 4) tential, which dictate different force constants for the trans-
we note that our measurements always consist of a nonzex@rse and longitudinal directions. 3) For a diffusive particle,
background term, which we did not account for in Eq. 17.we measured an asymptotic power-law decay of the ACF,
We therefore added this experimental baseline to the theawhich is different from the exponential decay characterizing
retical expression and normalized both the experimentah trapped particle. 4) To extend the measurements to more
data and Eq. 17 to unity at the shortest measured time. Owomplex objects, we trapped two particles in contact and
data were best fitted over the entire range, using Eq. 17 witlobtained an ACF that exhibits the various degrees of motion
o, = o, = 0.15,0, = 0.50 um (actual spot dimensions are of the pair, namely the translations of the center of mass and
larger by V2log 2, with D = 4.4 x 10 ° cné/s, the the fluctuations of the pair axis.
diffusion constant for the 1sm beads used in this experi- We emphasize two important experimental aspects of
ment. The integration time wab = 7 s. We note that the LDLS. Our ability to manipulate the optical fiber probe

104ty = 13rol 1

17)

w?4DT \Y2
1+ Dt/w?)
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away from the incoming beam enables us to optimize théar-Ziv, R., A. Meller, T. Tlusty, E. Moses, J. Stavans, and S. A. Safran.

; tA-NAi ; ; ; ; ; ; _1997. Localized dynamic light scattering: probing single particle dynam-
signal-to-noise ratio. Our spatial resolution is primarily de ics af the nanoscal@hys. Rev, Let78:154-157.

ter.mmed l.)y the. beam. gradient, ?md not b.y optical phasEerne, B. J., and R. Pecora. 1976. Dynamic Light Scattering with Appli-
shifts, as in ordinary light scattering techniques. One can cation to Chemistry, Biology and Physics. Wiley, New York.

greatly improve the spatial resolution by scattering fromchaikin, P. M., and T. C. Lubensky. 1995. Principles of Condensed Matter
steeper gradients along the beam profile. New possible Physics. Cambridge University Press, Cambridge.

applications of LDLS could be for the measurement of 1)Chu, B. 1991. Laser Light Scattering, Basic Principles and Practice. Aca-
Elasticity of molecular springs attached to beads such as 9emic Press, San Diego.

proteins and DNA, 2) fluctuations of single vesicles or Ce”SDOi' M., and S. F. Edwards. 1988. The Theory of Polymer Dynamics.

. . . .~ Clarendon Press, Oxford.
subjected to an external field such as tension, 3) scattermlgner 3.T. R. M. Simmons, and J. A. Spudich. 1994. Single myosin

from a fluctuating single particle embedded in a complex molecule mechanics: piconewton forces and nanometer stsre.
medium, such as an actin network or the interior of a cell, to 368:113-118.

probe the viscoelastic properties of this medium. Such novefuo, S. C., and M. Sheetz. 1993. Force of single kinesin molecules
experiments await future work measured with optical tweezeiScience260:232-234.

Meller, A. 1997. Ph.D. thesis. Weizmann Institute of Science, Rehovot,
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