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A self-assembled microlensing rotational probe
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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. 1899 American Institute of Physics.
[S0003-695(199)03401-4

The commercial development of precision microspherescts as a lens, substantially enhancing the collection effi-
with well controlled sizes and various protein coatings hasiency of the optical system. The experiment is outlined in
enabled a number of new devices and experimental tectihe inset of Fig. 1.
nigues, from being the component parts in the fabrication of We can show that the system increases the amount of
photonic crystafsto their use as “handles” for optical twee- collected light with a geometric optics argument. The angles
zers in the study of single protéifiand deoxyribose nucleic of ray tracing are outlined in Fig. 1; we would like to calcu-
acid (DNA) molecules Here we describe the use of micro- late the exit angles’ — 6" as a function of the incident angle
spheres with streptavidin—biotin coating to self-assemble #. The small fluorescent microsphere is approximated as a
microscopic lensing system that can in turn be used to megpoint particle a distancé from the lensing microsphere. Us-

sure rotation. ing geometry, note that
Previous experiments in chemical physics have mea-
sured bulk molecular rotational diffusion with high time b =m—(T—20"+$)=20"— . 1)

resolution using fluorescence anisotropy déaayd fluores-

cence correlation spectroscopyjowever, interpretation of

the experimental data is a delicate isStiological experi- APPlying Snell's law at the top interface of the lensing mi-
ments to measure rotational motions used a “tethered celrcrosphere we find that

assay in which a single flagellum is attached to a surface and

the cell rotateg;® or a “rotating filament” assay by attach- n,

ing long actif® filaments to an ATPase molecule or 0”=sin‘1(n—sin 9'). 2
microtubulé? filaments to a dynein molecule. Both these as- !

says rely on imaging the probe to determine orientation, lim-

iting the time resolution to video rates on the order of 10 Hz. ENHANCED SIGNAL | | wicron

Although it is inferred from the swimming speed of mi- o ‘ Mo e
croorganisms that bacterial flagella can turn at a top rota- O P A
. . FLUORESCENT
tional speed of 100 000 rpii,measurement techniques can- < MICROSPHERE

not keep up with those rates. Measurements are typically LIGHT PAT o ?AL
made by forcing the flagella to turn a large moment of inertia C/]l
which slows the rotation rate to the region where it is acces- | ensing
sible to video analysis. Similarly, in studies of-RTPase, MICROSPHERE
the rotation rate is slowed to an observable level by increas- P
ing the hydrodynamic drag that it must oppose. However, the T )
rotation is likely to be fundamentally at a constant angle per i
ATP hydrolized, as shown by Refs. 13 and 14, and slowing
the rotation by increasing drag results in some elastic storage
of energy. Methods are needed that have the potential to ~ POINT SOURCE
observe high-frequency rotations and have less hydrody-
namic drag.

ThIS Ietter.presents a metho.d to measure hlgh_fr.equenclylG. 1. The optical ray tracing of the two microspheres. This diagram de-
rotational motion. An asymmetric fluorescent probe is madey,cs the angles, 6, 6, ¢, ¢’ and the distancesand 5. The ray origi-
by attaching a small fluorescently labeled polymer micro-naly starts at an anglé to the vertical and after passing through the lensing

sphere to a larger polymer microsphere. The larger sphemicrosphere continues on at an angle- ¢". The index of refraction of the
water isn;=1.3 and for the polystyrene microspherenis=1.59. (Insej

The fluorescence collected from an objective with finite NA is enhanced
¥Electronic mail: quake@caltech.edu when the microsphere pair is aligned with the optical collection axis.
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where n, is the index of refraction of the lensing micro-
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smaller microspheres were diluted by a factor of 1000 in

sphere andh; is the index of refraction of the surrounding distilled water. A volume of 1@l of this solution was added

medium (typically watep. Applying Snell's law at the bot-
tom interface we obtain

: )

n
0’=sin‘1(—lsin( 0+ b)
n;

Then, by direct substitution of E¢3) into Eq. (2), we find
that

0"'=¢+0. (4)
Using the law of sines, we can write
sin(m—6—¢) sind

= 5

r+6 r’
and then explicitly find the anglé as a function of, 8, and
o

¢(r,0,5):sinl(Hr——55in6>—0. (6)

Finally, we can write the exit anglé’— 6" in terms of
the original angle, the radii of the two spheresé, and the
indices of refractiom; andn,:

¢'—0"=2 sin‘1<%sir[0+ ¢(r,9,5)]) —0—2¢(r,6,9).
2
(7

For 6<r, we note thatp<< 0. The exit angle is then given by

¢'—0"=2sin ! (8)

Ny .
—sin 0) — 6.
n;

Typical realizable values afi; andn, are for watem,
=1.3, and polystyrena,=1.59. For smalb Eq. (8) reduces
to[2(n1/ny) —1]6. This gives an exit angle of 0.84for a

to 10ul of the large microspheres and allowed to incubate at
room temperature for approximately 5 min. The solution was
then diluted by a factor of T0in either distilled water or a
glycerol/water mixture to give a final concentration of ap-
proximately 1 microsphere pair per nanoliter at three differ-
ent viscositieg1, 4, and 13cpP

The solution was placed on a microscope slide with a
coverslip and the edges were sealed with a clear nail polish
to prevent any evaporation or fluid flow. These specimens
were examined on a Nikon fluorescent microscope with a 20
X, 0.4 NA objective. The lensing microsphere undergoes
constant rotational diffusion, and when the attached fluores-
cent microsphere is aligned with the optical collection axis
the observed intensity is substantially larger than in other
positions.

Images of these intensity fluctuations were observed us-
ing a Phillips FTM-800 charge coupled devig@CD) cam-
era and recorded on video tape. The sequence of video im-
ages was analyzed by digitizing them with a PC at a 30 Hz
frame rate. The microspheres’ fluorescent intensities were
measured in each frame, and their translation diffusion was
slow enough that their positions could be followed from
frame to frame. Data with better time resolution could be
obtained by using a photodiode or photomultiplier tube to
observe single microspheres, but the video camera is suffi-
ciently fast for observing rotational diffusion and offered the
advantage of being able to observe many microsphere pairs
in parallel.

From the intensity fluctuations we can compute the prob-
ability P(t) that the intensity is above a threshold at time
given that the intensity was above this threshold at time
=0. P(t) can in turn be calculated from first principles. The
rotational motion of the lensing microsphere can be decom-

ray entering at an angle. Since the exit angle is always 1ess pogsed into orthogonal azimuthal and polar directions. Since
than the original angle, we conclude that the lensing microypjy the azimuthal angle contributes to the intensity en-
sphere focuses rays from the fluorescent microsphere arghncement, it suffices to consider a one-dimensional prob-
enhances the optical signal. lem. Lete denote the azimuthal angle over which the signal
The enhancement in the observed optical signal also dgs enhanced, which then determines the initial conditions.
pends on the numerical apertui¢A) of the objective. The  The solution for the one-dimensional diffusion equation with

NA is defined as NA=nsing,, where, is the collection jnitia| condition| 6| <« and infinite boundary conditionsfs
angle. For our objectivé20x, 0.4 NA) in air §,=23.6°.

Equation(8) shows that the focusing microsphere increases 1 al2— 6 al2+ 0
the angle of collection to 43.5°. This corresponds to an ef-  p;( 6,t) = = erf +erf , 9
fective NA of 0.69. The epifluorescent intensity is propor- 2a 2\Dit 2\Dit

tional to NA%, so we expect an intensity enhancement of . . e

(0.69/0.4f~9 times; this is of the order of what we ob- whereD, is the rotational diffusion constant of a sphere

served. Objectives with high NA collect almost all of the

emitted light, and thus we would not expect to see any fluo- D, =

rescent enhancement from a high NA objective. Observa-

tions made with a 48, 1.30 NA oil immersion objective

indicate no noticeable intensity enhancement. 7 is the viscosity ana is the sphere’s radius.Equation(9)
To construct this system we used the biotin/streptavidirffan be made periodic it by summing over all multiples of

binding system. Biotin is known to bind streptavidin with a 27. The probability density function for the distribution in

very high affinity*®> We obtained streptavidin coated micro- angles is then

spheres from Interfacial Dynami¢polystyrene at a volume

concentration of 2.6%, 1,Am diameter and biotin coated

yellow—green fluorescent microspherg®lystyrene 1% by

volume, 0.2um diameter, excitation maximum at 505 nm,

emission maximum at 515 nnirom Molecular Probes. The and the total probability distribution is

kT

87777613'

(10

n=cw

P(O,H)= 2 P (6+2nm,t) (11)
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1or = spheres. The microlensing can be explained with geometric

.91 -2 optics; a complete theory will need to take into account near

o.8F gz field optical effects. The microlensing was observed experi-

o7l EE mentally and used to measure the rotational diffusion con-

06l = —— stanF of a sphere. This mechgnism may have appl_ications in
- TIME (SECONDS) studies of biomolecular rotations and fluid dynamics, espe-
TE o3 cially in situations with a high rotational rate. For a rotation

0.br at a constant rate, the load can be adjusted by changing both

6.3 the viscosity of the fluid and size of the larger microsphere.

0.2 Precision microspheres are commercially available with di-

ol — ameters of less thangdm to greater than 100m giving a

P R S R R range of loads that differ by £0

0 2.00 4.00
TIME (SECONDS) This work was supported by the Whitaker Foundation

FIG. 2. The probability correlation function of the fluorescent intensity sig- and by NSF CAREER Grant No. PHY-9722417.

nal measured in three different glycerol-water solutions of varying viscosi-
ties. These measurements are the average over approximately 30 micro-
spheres measured over approximately 1 min. The errors in the,
measurements are on the order of the diameter of the circles marking the
data points. The solid lines represent fits to the data with the following ,
parameters: D;=1.30(x0.03)s!, @,=32.7(+0.2)°, D,=0.70
(£0.02) s!, «@,=55.0(=0.5)°, D;3=0.100(+0.003) s!, «;3=46.5
(=1.1)°. The inset shows typical data from a single microsphere4 cP

H. Miguez, C. Lopez, F. Meseguer, A. Blanco, L. Vazquez, R. Mayoral,
M. Ocana, V. Fornes, and A. Mifsud, Appl. Phys. Létl, 1148(1997.

K. Svoboda, C. F. Schmidt, B. J. Schnapp, and S. M. Block, Nature
(London 365, 721(1993.

3J. T. Finer, R. M. Simmons, and J. A. Spudich, Nat{irendon 368 113

over 18 s (1994.
’ 4T. T. Perkins, S. R. Quake, D. E. Smith, and S. Chu, Sci@fek 822
(1999.
al?2 5D. M. Jameson and T. L. Hazlett, Biophysical and Biochemical Aspects
P(t):J p( 6,t)deé. (12 of Fluorescence Spectroscopgdited by T. G. Dewey(Plenum, New
—al2 York, 1991, p. 105.

. . . . . . SE. Elison, Annu. Rev. Phys. Cher6, 379 (1985.

In practice this was approximated numerically using just7r. m. Berry and H. C. Berg, Proc. Natl. Acad. Sci. U, 14433

the largest terms of the serieg|<3). Then=0 term is (1997.
. . . 8
computed using a Chebyshev approximation to the errorgu- ‘;‘ifgv Natwe(tjo&dc? 249 L7£1r§(’£‘9-d 249 73 (1974
H : . f . . . FﬁT . Slliverman an . olmon, Naturg.onao ) .

fantlon and integrating it using a trape.20|d algorit ',he . 19C. shingyoji, H. Higuchi, M. Yoshimura, E. Katayama, and T. Yanagida,
higher order terms were computed using the approximation nature(London 393 711 (1998.
that the initial condition wap(0,0)= 5(6) (the solution is a ™K. Kinoshita, R. Yasuda, H. Noji, S. Ishiwata, and M. Yoshida, @&

Gaussian functionand the integration was carried out as thelzé1 Slgé’eaéosier Cel3, 17 (1998

value of the function times the _Width' ~ 3H. Noji, R. Yasuda, M. Yoshida, and K. Kinosita, Natuteondor) 386,
The data can therefore be fit to a two parameter function 299 (1997.
P(t) that is characterized by the angleand the rotational ™R. Yasuda, H. Noji, K. Kinosita, and M. Yoshida, Cél8, 1117(1998.

; ; - : : 15 Avidin-biotin Technologyedited by M. Wilchek and E. A. Baydica-
diffusion coefficientD, . The anglea is determined by the demic, San Diego, CA. 1990

optics of _the system and th(_a _threshold_applied to the datas; " crank Mathematics of Diffusior(Oxford University Press, London,
The rotational diffusion coefficier, is given by Eq.(10). 1970.
The measured diffusion coefficients are in agreement witd'T- G. M. van de VenColloidal Hydrodynamic§Academic, San Diego,

. . CA, 1989.
the predicted Vall_JeéFlg' 2. . . . . BW. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
We have outlined a mechanism by which a microlensing nymerical Recipes in C:The Art of Scientific Computi@ambridge Uni-

effect is used to measure rotations of individual micro- versity Press, New York, 1993



