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A self-assembled microlensing rotational probe
James P. Brody and Stephen R. Quakea)

Department of Applied Physics, California Institute of Technology, Pasadena, California 91125

~Received 14 September 1998; accepted for publication 30 October 1998!

A technique to measure microscopic rotational motion is presented. When a small fluorescent
polystyrene microsphere is attached to a larger polystyrene microsphere, the larger sphere acts as a
lens for the smaller microsphere and provides an optical signal that is a strong function of the
azimuthal angle. We demonstrate the technique by measuring the rotational diffusion constant of the
microsphere in solutions of varying viscosity and discuss the feasibility of using this probe to
measure rotational motion of biological systems. ©1999 American Institute of Physics.
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The commercial development of precision microsphe
with well controlled sizes and various protein coatings h
enabled a number of new devices and experimental te
niques, from being the component parts in the fabrication
photonic crystals1 to their use as ‘‘handles’’ for optical twee
zers in the study of single protein2,3 and deoxyribose nucleic
acid ~DNA! molecules.4 Here we describe the use of micro
spheres with streptavidin–biotin coating to self-assembl
microscopic lensing system that can in turn be used to m
sure rotation.

Previous experiments in chemical physics have m
sured bulk molecular rotational diffusion with high tim
resolution using fluorescence anisotropy decay5 and fluores-
cence correlation spectroscopy;6 however, interpretation o
the experimental data is a delicate issue.5 Biological experi-
ments to measure rotational motions used a ‘‘tethered c
assay in which a single flagellum is attached to a surface
the cell rotates,7–9 or a ‘‘rotating filament’’ assay by attach
ing long actin10 filaments to an ATPase molecule o
microtubule11 filaments to a dynein molecule. Both these a
says rely on imaging the probe to determine orientation, l
iting the time resolution to video rates on the order of 10 H

Although it is inferred from the swimming speed of m
croorganisms that bacterial flagella can turn at a top ro
tional speed of 100 000 rpm,12 measurement techniques ca
not keep up with those rates. Measurements are typic
made by forcing the flagella to turn a large moment of ine
which slows the rotation rate to the region where it is acc
sible to video analysis. Similarly, in studies of F1-ATPase,
the rotation rate is slowed to an observable level by incre
ing the hydrodynamic drag that it must oppose. However,
rotation is likely to be fundamentally at a constant angle
ATP hydrolized, as shown by Refs. 13 and 14, and slow
the rotation by increasing drag results in some elastic sto
of energy. Methods are needed that have the potentia
observe high-frequency rotations and have less hydro
namic drag.

This letter presents a method to measure high-freque
rotational motion. An asymmetric fluorescent probe is ma
by attaching a small fluorescently labeled polymer mic
sphere to a larger polymer microsphere. The larger sph
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acts as a lens, substantially enhancing the collection e
ciency of the optical system. The experiment is outlined
the inset of Fig. 1.

We can show that the system increases the amoun
collected light with a geometric optics argument. The ang
of ray tracing are outlined in Fig. 1; we would like to calcu
late the exit anglef82u9 as a function of the incident angl
u. The small fluorescent microsphere is approximated a
point particle a distanced from the lensing microsphere. Us
ing geometry, note that

f85p2~p22u81f!52u82f. ~1!

Applying Snell’s law at the top interface of the lensing m
crosphere we find that

u95sin21S n2

n1
sinu8D , ~2!

FIG. 1. The optical ray tracing of the two microspheres. This diagram
fines the anglesu, u8, u9, f, f8 and the distancesr andd. The ray origi-
nally starts at an angleu to the vertical and after passing through the lensi
microsphere continues on at an anglef82u9. The index of refraction of the
water isn151.3 and for the polystyrene microsphere isn251.59. ~Inset!
The fluorescence collected from an objective with finite NA is enhan
when the microsphere pair is aligned with the optical collection axis.
© 1999 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



-
g

y

s
ro
a

d

se
e
r-
o
-
e

uo
v

di
a

o-

,

in

at
as

p-
er-

a
lish
ns
20
es
es-
xis
her

us-

im-
Hz
ere
as

m
be
to

uffi-
he
airs

ob-

e
e
m-

nce
n-
ob-
al

ns.
ith

n

145Appl. Phys. Lett., Vol. 74, No. 1, 4 January 1999 J. P. Brody and S. R. Quake
where n2 is the index of refraction of the lensing micro
sphere andn1 is the index of refraction of the surroundin
medium ~typically water!. Applying Snell’s law at the bot-
tom interface we obtain

u85sin21S n1

n2
sin~u1f! D . ~3!

Then, by direct substitution of Eq.~3! into Eq. ~2!, we find
that

u95f1u. ~4!

Using the law of sines, we can write

sin~p2u2f!

r 1d
5

sinu

r
, ~5!

and then explicitly find the anglef as a function ofr ,u, and
d:

f~r ,u,d!5sin21S r 1d

r
sinu D2u. ~6!

Finally, we can write the exit anglef82u9 in terms of
the original angleu, the radii of the two spheresr ,d, and the
indices of refractionn1 andn2:

f82u952 sin21S n1

n2
sin@u1f~r ,u,d!# D2u22f~r ,u,d!.

~7!

For d!r , we note thatf!u. The exit angle is then given b

f82u952 sin21S n1

n2
sinu D2u. ~8!

Typical realizable values ofn1 andn2 are for watern1

51.3, and polystyrenen251.59. For smallu Eq. ~8! reduces
to @2(n1 /n2) 21#u. This gives an exit angle of 0.64u for a
ray entering at an angleu. Since the exit angle is always les
than the original angle, we conclude that the lensing mic
sphere focuses rays from the fluorescent microsphere
enhances the optical signal.

The enhancement in the observed optical signal also
pends on the numerical aperture~NA! of the objective. The
NA is defined as NA5n sinu0 , whereu0 is the collection
angle. For our objective~203, 0.4 NA! in air u0523.6°.
Equation~8! shows that the focusing microsphere increa
the angle of collection to 43.5°. This corresponds to an
fective NA of 0.69. The epifluorescent intensity is propo
tional to NA4, so we expect an intensity enhancement
(0.69/0.4)4'9 times; this is of the order of what we ob
served. Objectives with high NA collect almost all of th
emitted light, and thus we would not expect to see any fl
rescent enhancement from a high NA objective. Obser
tions made with a 403, 1.30 NA oil immersion objective
indicate no noticeable intensity enhancement.

To construct this system we used the biotin/streptavi
binding system. Biotin is known to bind streptavidin with
very high affinity.15 We obtained streptavidin coated micr
spheres from Interfacial Dynamics~polystyrene at a volume
concentration of 2.6%, 1.1mm diameter! and biotin coated
yellow–green fluorescent microspheres~polystyrene 1% by
volume, 0.2mm diameter, excitation maximum at 505 nm
emission maximum at 515 nm! from Molecular Probes. The
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smaller microspheres were diluted by a factor of 1000
distilled water. A volume of 10m l of this solution was added
to 10m l of the large microspheres and allowed to incubate
room temperature for approximately 5 min. The solution w
then diluted by a factor of 104 in either distilled water or a
glycerol/water mixture to give a final concentration of a
proximately 1 microsphere pair per nanoliter at three diff
ent viscosities~1, 4, and 13 cP!.

The solution was placed on a microscope slide with
coverslip and the edges were sealed with a clear nail po
to prevent any evaporation or fluid flow. These specime
were examined on a Nikon fluorescent microscope with a
3, 0.4 NA objective. The lensing microsphere undergo
constant rotational diffusion, and when the attached fluor
cent microsphere is aligned with the optical collection a
the observed intensity is substantially larger than in ot
positions.

Images of these intensity fluctuations were observed
ing a Phillips FTM-800 charge coupled device~CCD! cam-
era and recorded on video tape. The sequence of video
ages was analyzed by digitizing them with a PC at a 30
frame rate. The microspheres’ fluorescent intensities w
measured in each frame, and their translation diffusion w
slow enough that their positions could be followed fro
frame to frame. Data with better time resolution could
obtained by using a photodiode or photomultiplier tube
observe single microspheres, but the video camera is s
ciently fast for observing rotational diffusion and offered t
advantage of being able to observe many microsphere p
in parallel.

From the intensity fluctuations we can compute the pr
ability P(t) that the intensity is above a threshold at timet,
given that the intensity was above this threshold at timt
50. P(t) can in turn be calculated from first principles. Th
rotational motion of the lensing microsphere can be deco
posed into orthogonal azimuthal and polar directions. Si
only the azimuthal angle contributes to the intensity e
hancement, it suffices to consider a one-dimensional pr
lem. Leta denote the azimuthal angle over which the sign
is enhanced, which then determines the initial conditio
The solution for the one-dimensional diffusion equation w
initial condition uuu<a and infinite boundary conditions is16

pinf~u,t !5
1

2aFerfS a/22u

2ADrt
D 1erfS a/21u

2ADrt
D G , ~9!

whereDr is the rotational diffusion constant of a sphere

Dr5
kBT

8pha3
, ~10!

h is the viscosity anda is the sphere’s radius.17 Equation~9!
can be made periodic inu by summing over all multiples of
2p. The probability density function for the distribution i
angles is then

p~u,t !5 (
n52`

n5`

pinf ~u12np,t ! ~11!

and the total probability distribution is
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P~ t !5E
2a/2

a/2

p~u,t !du. ~12!

In practice this was approximated numerically using j
the largest terms of the series (unu<3). The n50 term is
computed using a Chebyshev approximation to the e
function and integrating it using a trapezoid algorithm.18 The
higher order terms were computed using the approxima
that the initial condition wasp(u,0)5d(u) ~the solution is a
Gaussian function! and the integration was carried out as t
value of the function times the width.

The data can therefore be fit to a two parameter func
P(t) that is characterized by the anglea and the rotational
diffusion coefficientDr . The anglea is determined by the
optics of the system and the threshold applied to the d
The rotational diffusion coefficientDr is given by Eq.~10!.
The measured diffusion coefficients are in agreement w
the predicted values~Fig. 2!.

We have outlined a mechanism by which a microlens
effect is used to measure rotations of individual mic

FIG. 2. The probability correlation function of the fluorescent intensity s
nal measured in three different glycerol–water solutions of varying visc
ties. These measurements are the average over approximately 30 m
spheres measured over approximately 1 min. The errors in
measurements are on the order of the diameter of the circles markin
data points. The solid lines represent fits to the data with the follow
parameters: D151.30(60.03) s21, a1532.7(60.2)°, D450.70
(60.02) s21, a4555.0(60.5)°, D1350.100(60.003) s21, a13546.5
(61.1)°. The inset shows typical data from a single microsphere (h'4 cP!
over 18 s.
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spheres. The microlensing can be explained with geome
optics; a complete theory will need to take into account n
field optical effects. The microlensing was observed exp
mentally and used to measure the rotational diffusion c
stant of a sphere. This mechanism may have application
studies of biomolecular rotations and fluid dynamics, es
cially in situations with a high rotational rate. For a rotatio
at a constant rate, the load can be adjusted by changing
the viscosity of the fluid and size of the larger microsphe
Precision microspheres are commercially available with
ameters of less than 1mm to greater than 100mm giving a
range of loads that differ by 106.
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