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ABSTRACT

The irradiation of dye-doped polystyrene microspheres with an argon ion laser (488 nm) changes their properties and creates photopatterns.
These photopatterns can be manipulated by altering the location of the focal point inside the spheres. The illuminated microspheres subsequently
undergo one-dimensional rotational diffusion about the optical axis when captured in an optical trap (985 nm). This behavior is well described
by a model in which the differently irradiated portions of the microsphere possess different refractive indices.

1. Introduction. Micron-scale polymer particles are em- from scatter Fscaes Which is proportional to the local
ployed in numerous applications ranging from force meas- intensity, and an attractive contributioRgas Which is
urements by optical tweezers to fluorescence assays inproportional to the local intensity gradi¢hEor an inhomo-
biology. These particles can be prepared with a wide rangegeneous particle that is larger than the wavelength of the
of surface functionality and/or charge, can be doped with a trapping beam, the potential energy will generally also
host of different fluorophores, and are often biocompafile. depend on particle orientation within the trap. Mathemati-
We have recently demonstrated that controlled positioning cally, the potential energy for a given particle position

of nanoscopic particles in radio frequency AC electric fields and orientation can be evaluated by summing together the
can lead to rotation of particle pairs. These rotating particles energy required to position each infinitesimal volume element
were assembled into microscopic “anti-gears”, and have into a given three-dimensional configuration.

potential applications for microfluidic mixing, chemical/  |p this letter, we demonstrate that preferred alignment can
biological sensing, and incorporation into microelectro- pe induced in spherical microscopic particles following
mechanical devicesThe most readily available nano- and  yreatment by laser irradiation. Photobleaching or photo-
microscale polymer particles are spherical in shape; a jteration can destroy the symmetry of a particle. In turn,
condition that can mask an array of interesting phenomena.he particle can orient to minimize its potential energy. In
For example, it is difficult to measure rotational motions of he Sypporting Information we give qualitative calculations
spherical, homogeneous particles, as the physical and opticalpa; are derived from equations for gradient and scattering

properties typically do not change with angle. Although ¢yces in the Rayleigh limit (i.e., for particle radiimuch
intriguing schemes have been developed to overcome suchy ., iier than the laser wavelength

obstacleg;® complications associated with rotational meas- . .
2. Experimental. Fluorescent microspheres were pur-

urements of .spherlcal particles persist. In th!s letter, part|_al chased from Molecular Probes (@n and 4um diameter,
photobleaching of fluorescent polymer microspheres is . . .
éaolystyrene matrix) and Polysciences (3n diameter,

demonstrated as a viable means both to photopattern the”~ 2~ . . . -
P b calibration grade, latex matrix) and diluted in purified water

fluor n rofiles within spher n lectively align . .
tOTescence profies t spheres a d to selectively alig prior to use. A telescoped beam from a 985 nm MOPA diode
spherical particles about specific internal axes. I 300 mMW. SDL model SDL-5762-A6) f dth h
The forces that lead to trapping of a microscopic particle, ai?)r(}g . TIVY, St mk(a)' et' Igl'k '1 4)Noijse rou%
which is much smaller than the laser wavelength, can bef1 ¢ ?;1 |mmerS|orr1]0 Jec |vteh( 'OEI .f .I I) was ;Eet
separated phenomenologically into a repulsive contribution 0 trap the mICrospneres in the visible focal plane. ~hoto-
bleaching was accomplished using focused 488 nm light from
*To whom correspondence should be addressed. E-mail: zare@ an argon ion laser (SpectraPhysics Stabilite 2017). Unless
stanford.edu. otherwise stated, the photobleach excitation duration was
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rotational diffusion time for micron scale particles in water. Z'

Following photobleaching, wide-field laser induced fluores- (a) A

cence (LIF) images were acquired by attenuating the incident

beam and passing it through a spinning disk diffuser, then

imaging the emitted fluorescence through a dichroic mirror - -> X
onto an silicon intensified target (SIT) camera (Hamamatsu
C2400-08). The images were recorded onto video, subse- ]
quently imported into Scionlmage (ScionCorp, Frederick, coverslipﬂuap and photo-
MD), and analyzed. The location of the optical trap within bleach lasers
the focal plane was manipulated independently of the
photobleach laser focal point by adjustment of a mirror and
the telescope. Photobleaching out of the plane was ac-
complished by lowering the visible focal plane to just outside
the coverslip.

Theoretical photobleach profiles were calculated assuming
complete bleaching of all fluorophores directly illuminated
by the excitation beam and no bleaching for fluorophores
outside the beam. Effects related to reflection and polarization _ . L .
of the excitation beam within the sphere could be neglected Figure 1. Experimental geometry and definition of coordinates:

in th ted calculati th tially inf th (a) the internak’- andZ-axes of the sphere are defined with respect
In (he reported calculations, as they essentially Infiuence e, y,q photoexcitation beam, and (b) following reorientation after

internal light intensity, which is always assumed sufficient photobleaching, the angle between thaxis and the-axis (parallel
for complete photobleaching. For a sphere positioned suchto the propagation direction of both the photobleach and trap beams)

that the sphere center and the photoexcitation focal pointis given byé.
are coincident, every incident ray enters normal to the sphere,
surface and refraction can be neglected. In excitation

between the geometric sphere center and the center of

i ff i fracti ields sliaht ch in th fluorescence intensity at each time step in a series of 500
geometries otl-center, retraction yields sliight change INthe ., a0 tive images separated by 0.1 s. Reported diffusion
direction of ray propagation through the spheres, but the

fractive index diff bet ‘ d latex i constants are the average values measured for time separa-
refractive index difference between water and latex is 4 - 'potveen 0.1 and 10 s.

_sufficiently small th‘fﬂ thgse eﬁects only yield SUbﬂ? changes 3. Results and DiscussionA phenomenological model
in the ray propggat_mn d|rect|o.ns and in the resulltmg bleach was developed to treat optical trapping of partially photo-
patterns. To simplify calculations, these refraction effects bleached spheres, in which photoexcitation resuilted in an
were not in(_:luded. The theoreticgl_ profiles were generated effective change in the refractive index within the photo-
by Integrating over the remaining unb!eacheq thrge— bleached regions of a fluorescent sphere (indicated by the
dlm(_ansmnal .fluorescence pattern for a given orientation darkened portions in Figure 1). It is not clear whether the
within the object plane. change of refractive index is caused by the destruction of
Calculations of the potential energy surfaces (i.e., potential {he fluorophores or by a change in the polymer properties
energy as a function of photobleach location and spheregr py the action of both mechanisms. Whatever the case,
orientation) were performed for a particle diameter o8 experiments indicate that long repeated irradiation under the
by combining the theoretical photobleach profiles with the same conditions induces visually detectable damage to the
intensity distribution expected for a focused 300 MW gpheres (data not shown) and thus favors photoalteration of
Gaussian bearhPhotobleached portions of the sphere were the polymer as the major explanation for this effect. Using
arbitrarily assigned a refractive index of 1.60, compared with the coordinates as defined in Figure 1, an optically trapped
a refractive index of 1.59 in the unbleached portions (both sphere was assumed to be photobleached with the excitation
values within the range typical for polystyrene). Use of peam focused on a particular location within a sphere of
different refractive indices ylelded qualitatively similar radiusr’ thereby deﬁning a set of internal a_xesny” and
potential energy surfaces, provided the refractive index within 2 |f the particle rotated after photoexcitation (e.g., by an
the bleached portions was gl’eater than within the UnbleaCheqing|e0 as Shown), the internal axes no |onger necessar"y
portions. Following Wohland et d&. calculations were  coincided with the laboratory axes, y,andz (Figure 1b).
performed for a sphere positioned radially at the center of  Theoretical potential energy curves, shown in Figure 2,
the trap beam, and displaced axially from the trap laser focal were generated by performing numerical integration using
point along the direction of propagation by a distance equal this phenomenological approach for an increase in effective
to the particle radius. refractive index within the bleached portions of a sphere.
Rotational diffusion measurements were made qm® The potential energy surfaces are shown as functions of both
diameter spheres following photobleaching under two condi- the polar tilt angle of the sphe&-axis, 6, and the relative
tions; one set for rapid photobleaching at high intensities distance of the photobleach focal point from the sphere
(~40 mW of focused 488 nm excitation) and another set center. The curves at/r = 0 andZ/r = 0 are identical.
for lower intensities £10—20 mW). Diffusion parameters  Calculations performed for an effective decrease in refractive
were determined by evaluating the distance and angleindex within illuminated regions (not shown) yielded op-
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Observed

x'=0, z'=0 x'=0.6r z'=0.6r

~_

Figure 3. Experimental and theoretical LIF patterns for partially
photobleached fluorescent spheres. The top row contains experi-
mentally measured fluorescence images pfiBdiameter spheres.
They were acquired with the photobleach laser focused =t0,

Z = 0 (top left), atr/2 < X <r,Z = 0 (top center), and at =

0, r/l2 < Z < r (top right). The bottom three rows contain the
corresponding theoretical LIF profiles evaluated for different tilt
angles#, indicated to the left. By inspection, the experimentally
measured fluorescence profile for bleaching at the sphere center

180 (left column) corresponds to an alignment axis of approximately

0° (i.e., the sphere is aligned along the original the photoexcitation

Figure 2. Potential energy curves for rotation i following internal axis). A similar preferred orientation was observed for
irradiation with the excitation beam focus located (a) alonggthe  photoexcitation focused off-center but within the object plane
axis and (b) along th&'-axis (for a twist angle of zero abouy. (center column), but an out-of-plane excitation focus yielded an

The potential energy has been normalized. The difference in experimental profile more consistent with higher orientation angles
refractive index between irradiated and nonirradiated parts of the (between~45° to 9C°).
particle has been 0.01. The values Xtr = Z/r = 0 are identical

for graphs (a) and (bNote that in (a) a potential minimum grows . . .
in ,ﬁgpz 9(()°)for z/(r §0_5_ @ap g (i.e., along the laboratorg-axis), as if viewed from above

for a given location of the excitation focal point within the

posite trends (i.e., potential energy minima and maxima were sphere’. For each of the three excitation focal points
inverted). Although Rayleigh-limited expressions for the considered, theoretical profiles were evaluated for three
forces within an optical trap are only quantitatively reliable different polar orientation angles of the spheraxis (i.e.,
for particles much smaller than the wavelength of light, these for a given tilt angle of the sphere following photobleaching).
equations can still be used to probe qualitative trends (seeAlthough the trapped spheres were observed to rotate within
supplement). the focal plane following photobleaching, the general shape

Figure 3 presents a comparison between the experimentallyof the LIF patterns shown did not change significantly over
measured LIF profiles and theoretical fluorescence profiles. time (i.e., out-of-plane rotational diffusion was not observed).
The experimentally measured images shown in the top row The experimental time-dependent fluorescence images
of Figure 3 were acquired with the bleaching laser beam were analyzed to yield rotational diffusion constants and the
focused in the center of the sphere (top left), alongXhe  normalized variance in the distand®etween the geometric
axis but near the sphere edge (top center), and along thesphere center and the center of fluorescence, give iy
Z-axis of the sphere but near the edge (top right). The [d3)/[d3. The parameter @ -[dX)/[d3 is a qualitative
theoretical profiles were generated by integration of the indicator for three-dimensional vs one-dimensional rotational
fluorescence intensity distribution normal to the focal plane diffusion. If the particle rotates only within the object plane,
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the distanceal should be nearly constant, yielding a normal- fluorescent microspheres and to create optically detectable
ized variance approaching 0. If there is out of plane rotation, patterns to measure their alignment and rotation. The
the normalized variance will differ from 0. experiments show excellent qualitative correspondence with
By controlling the photobleach excitation intensity and/ theoretical predictions based on a simple model that assumes
or duration or alternatively by reducing or increasing the Rayleigh scattering and that the photoalteration of the
intensity of the trap laser, partially photobleached spheres polymer can be represented by a change in the refractive
could be prepared with or without perceptible alignment. index of the polymer. Induced alignment in beads could be
Photobleaching under mild excitation conditions did not lead particularly advantageous in force measurements by optical
to a preference in orientation, indicating that the illumination tweezers to limit unwanted torque on the measurement
process mducg_d the_ alignment. A p_art|a||y photobleached system from rotational diffusion. Other applications of this
sphere immobilized in a weak trap yieldeifiR(-[d3)/[d2 method include in situ flow measurements in liquids, e.g
= 0.24+ 0.05, whereas the same sphere yieldéiéi{-[d(3)/ . ) _oTr e
on microchips, by measurement of bead rotation or the

[d@ = 0.04 + 0.03 upon increasing the trap power and _ _ ) ) ) )
omapping of microscale viscosity from localized rotational

inducing alignment (3 measurements at each power, 500" <+ )
images per measurement). Consistent with empirical obser-diffusion measurements. Optical tweezers have been used

vations, the smaller variance éobserved in aligned spheres  for surface imaging? With alignment of beads this method
suggests an essentially constant fluorescence profile changingan be extended to measure friction by monitoring the
in time only in the rotational angle within the focal plane. A orientation of a bead while it is dragged over a surface.
one-dimensional diffusion coefficient of 0.18'st- 0.06 s* Therefore the alignment of beads open up new applications
(N = 6) was obtained for aligned and trappedrfl diameter from microchip technology to biophysical measurements.

spheres, compared with an expected diffusion con'Stamt
water of 0.185 s

Inspection of Figures 2 and 3 reveals evidence supporting
the proposed model, in which photobleached portions of the
sphere exhibit an effective increase in relative refractive

index. The spheres bleached with the excitation beam focused )
Foundation.

near the sphere center produced ring-like patterns in wide-
field fluorescence measurements, consistent with the theo-
retical LIF pattern calculated for alignment along thexis,

and a preferred orientation angle 6f= 0°. For spheres
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entation of particles in an optical trap. Qualitative calculations

bleached within the focal plane but off-center (i.e., along are derived from equations for gradient and scattering forces

the x'-axis, center column of Figure 3), the theoretical and
experimental fluorescence images also support axial align-
ment and low orientation angleg, In contrast, the experi-
mental LIF profiles for spheres bleached along #hexis

in the Rayleigh limit. This material is available free of charge
via the Internet at http://pubs.acs.org.

near the sphere edge are most consistent with the theoreticaReferences

profile for & = 90°. The apparent mismatch in the internal
angle in the photobleach profiles likely results from use of
an excitation beam with a spatial profile that did not fill the
back of the microscope objective, resulting in an effective
numerical aperture less than the theoretical maximum.
Spheres bleached along tl®eaxis appear to exhibit a
bimodal behavior, adopting axial alignment for an excitation
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To summarize, we have developed a methodology to
photoinduce unique alignment axes within optically trapped
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