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SOLUTE CHARACTERIZATION BY
OPTOELECTRONKINETIC
POTENTIOMETRY IN AN INCLINED ARRAY
OF OPTICAL TRAPS

The present invention was supported by the National Sci-
ence Foundation under Grant Number DBI-0233971, with
additional support from Grant Number DMR-0304906.

FIELD OF THE INVENTION

The present invention relates to modulated optical twee-
zers. More particularly, the present invention relates to the use
of modulated optical tweezers in a variety of situations.

BACKGROUND OF THE INVENTION

Since their introduction a decade ago, optical tweezers
have become indispensable tools for physical studies of mac-
romolecular and biological systems. Formed by bringing a
single laser beam to a tight focus, an optical tweezer exploits
optical gradient forces to manipulate micrometer-sized
objects. Optical tweezers have allowed scientists to probe the
small forces that characterize the interactions of colloids,
polymers and membranes, and to assemble small numbers of
colloidal particles into mesoscopic structures. Conventional
efforts each required only one or two optical tweezers.
Extending these techniques to larger and more complex sys-
tems requires larger and more complex arrays of optical traps.

Related techniques for creating multiple simultaneous
optical traps include the generalized phase contrast method,
interferometric optical tweezers, and optical lattices. The lat-
ter two approaches involve interfering multiple beams in the
volume of the sample, while the former might be considered
a variant of holographic optical trapping. Interferometric
techniques can cover larger areas than holographic tech-
niques, but are substantially more limited in the types of
intensity patterns that can be created. In particular, interfero-
metric optical tweezers and optical lattices are limited to
periodic structures.

A single laser beam brought to a focus with a strongly
converging lens forms a type of optical trap widely known as
an optical tweezer. In general, such a beam can be described
by a wave function,

Y()=A()exp(ip(r)) M

where A(r) is the amplitude profile and ¢(r) is the phase at
position r in a plane transverse to the optical axis.

A conventional optical tweezer is created from the TEM,,
laser beam provided by a typical laser. Such a beam’s wave
fronts are planar and can be described by the uniform phase
profile ¢(r)=¢0. Bringing such a beam to a diffraction-limited
focus with an appropriate focusing element, such as a micro-
scope objective lens, transforms the beam into an optical
tweezer. The position of the optical tweezer in the lens’ focal
plane is determined by the angle at which the team enters the
lens’ input pupil. Additionally, if the beam is diverging as it
enters the input pupil, it comes to a focus and forms an optical
tweezer downstream of the focal plane. Alternatively, if the
beam is converging, it forms a trap upstream of the focal
plane.

Multiple beams of light passing simultaneously through
the lens input pupil yield multiple optical tweezers, each at a
location determined by the angle of incidence arid degree of
collimation at the input pupil. These beams form an interfer-
ence pattern as they pass through the input pupil, whose
amplitude and phase corrugations characterize the down-
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stream trapping pattern. Imposing the same modulations on a
single incident beam at the input pupil would yield the same
pattern of traps, but without the need to create and direct a
number of independent input beams. Such wave front modi-
fication can be performed by a type of diffractive optical
element (DOE) commonly known as a hologram. Generally,
the hologram or DOE encoding a particular pattern of optical
traps can be calculated with a computer through a procedure
known as computer-generated holography (CGH). Using
CGH to create arbitrary configurations of multiple optical
traps constitutes a new class of optical micromanipulation
tools known as holographic optical tweezers (HOT), with
manifold applications in the physical and biological sciences
as well as in industry.

The efficacy of holographic optical tweezers is determined
by the quality of the trap-forming DOE, which in turn reflects
the performance of the numerical algorithms used in their
computation. Previous studies have applied holograms calcu-
lated by simple linear superposition of the input fields or with
variations on the classic Gerchberg-Saxton and Adaptive-
Additive algorithms. Despite their general efficacy, these
algorithms yield traps whose relative intensities can differ
substantially from their design values, and typically result in
undesirable “ghost” traps. These problems can become acute
for complicated three dimensional trapping patterns, particu-
larly when the same hologram also is used as a mode con-
verter to project multifunctional arrays of optical traps.

The holograms used for holographic optical trapping typi-
cally operate only on the phase of the incident beam, and not
its amplitude. Such phase-only holograms, also known as
kinoforms, are far more efficient than amplitude-modulating
holograms, which necessarily divert light away from the
beam. They also are substantially easier to implement than
fully complex holograms that would be required to create
arbitrary superpositions at the input pupil. Indeed, sequences
of kinoforms can be projected with a computer-addressed
spatial light modulator (SLM) to create dynamic holographic
optical tweezers.

General trapping patterns can still be achieved with kino-
forms despite the loss of information that might be encoded in
amplitude modulations because optical tweezers rely for their
operation on intensity gradients and not local phase varia-
tions. However, it is still necessary to find a. pattern of phase
shifts in the input plane that encodes the desired intensity
pattern in the focal volume.

SUMMARY OF THE INVENTION

The present invention relates a variant of optical tweezers
in which the trap’s stiffness is made to vary with direction. In
particular, the modified trap’s intensity spreads more broadly
in selected directions, thereby reducing its stiffness in those
directions, or facilitating alignment of asymmetric objects
along those directions. Such modified traps may be used to
facilitate objects’ escape along selected directions and to
orient and rotate non-compact objects. The ability to facilitate
objects’ escape along selected directions has applications for
optical fractionation, in which objects’ differing interactions
with optical traps are used as the basis for sorting. The ability
to orient and rotate non-compact objects may be used in
assembling micrometer-scale objects.

Previously reported methods for orienting objects in opti-
cal traps include creating optical tweezers from Gauss-Her-
mite modes, modifying their amplitude profiles with rectan-
gular apertures, rotating the polarization angle of linearly and
elliptically polarized light, interfering Laguerre-Gaussian
modes with plane waves to create symmetric spiral patterns,
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modulating normally circular optical vortices and projecting
multiple conventional optical tweezers in close proximity.

The present invention also relates to a new class of algo-
rithms for HOT CGH calculation based on direct search and
simulated annealing that take advantage of recently intro-
duced metrics to achieve unprecedented trap-formation accu-
racy and optical efficiency.

The present invention is preferably implemented through
holographic optical trapping, but also can be implemented
with other related techniques such as the generalized phase
contrast method, interferometric optical tweezers, and optical
lattices.

One implementation of the invention is an apparatus for
selecting fractions through optical fractionation that includes
at least two channels for providing at least first and second
laminar fluid flows, respectively. At least one of the two fluid
flows contains fluid-borne particles. A holographic optical
tweezer system projects at least two optical arrays of optical
traps onto a region at a junction of at least the two channels.
The two arrays of optical traps each selectively deflect the
fluid-borne particles for fractionating the fluid-borne par-
ticles according to a characteristic of the fluid-borne particles.

Another implementation of the invention is an apparatus
for selecting fractions through optical fractionation, includ-
ing N channels for providing N laminar input streams. At least
one of the N laminar input streams contains fluid-borne par-
ticles. A holographic optical tweezer system projects an opti-
cal array on a region of a junction of the channels to fraction-
ate the fluid-borne particles in the N laminar input streams
into M laminar output streams, where N does not necessarily
equal M.

The present invention also relates to methods for creating
holographic optical traps with two separate input lasers, with
applications including creating holographic optical traps
(HOTs) with two wavelengths of light. These methods can be
extended to include more than two input lasers.

In addition, the present invention describes a method for
characterizing several aspects of a solute’s charge state, size,
size polydispersity, and other properties as it is driven by
flowing solvent through an array of optical traps inclined with
respect to the flow direction.

These and other objects, advantages and features of the
invention, together with the organization and manner of
operation thereof, will become apparent from the following
detailed description when taken in conjunction with the
accompanying drawings, wherein like elements have like
numerals throughout the several drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows modulated optical tweezer, wherein the left
panel shows the unmodulated intensity profile of a conven-
tional optical tweezer created from a beam with a flat-top
profile at a distance z=5SA from the focus, where A is the
wavelength of light, and wherein the right panel shows an
equivalent cross-section through a beam sinusoidally modu-

lated according to q)(?):am sin(m6-0,,) with m=5, o,,=1,
and 0,,=0.

FIG. 2 shows a three-dimensional multifunctional holo-
graphic optical trap array created with a single phase-only
DOE computed with the direct search algorithm, wherein the
top DOE phase pattern includes white regions corresponding
to a phase shift of 2it radians and black regions corresponding
to 0, and wherein the bottom projected optical trap array is
shown at z=—10 pm, O um and +10 pm from the focal plane of
a 100x, NA 1.4 objective lens, with the traps being spaced by
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1.2 um in the plane, and the 12 traps in the middle plane
consisting of 1=8 optical vortices;

FIG. 3 is a plot showing performance metrics for the algo-
rithm that calculated the hologram in FIG. 2 as a function of
the number of accepted single-pixel changes;

FIG. 4 shows an H-junction having a plurality of laminar
input streams coming together into a single interaction region
and then separating into a plurality of output streams;

FIG. 5 shows an embodiment of the present invention in
which a single input sample is dispersed into several discrete
fractions;

FIG. 6 shows an embodiment of the present invention in
which mixing components of two or more input streams
creates a single thoroughly mixed output streams.

FIG. 7 is an illustration in which two or more input streams
are mixed to create a single, thoroughly mixed, output stream;

FIG. 8 is a representation of one method for creating two-
color holographic optical traps according to one embodiment
of the present invention;

FIG. 9 is a representation of a second method for creating
two-color holographic optical traps according to one embodi-
ment of the present invention;

FIG. 10 is a representation of a third method for creating
two-color holographic optical traps according to one embodi-
ment of the present invention;

FIG. 11 is a representation of a fourth method for creating
two-color holographic optical traps according to one embodi-
ment of the present invention;

FIG. 12 is a schematic diagram of a practical implementa-
tion of optoelectrokinetic potentiometry; and

FIG. 13 is a plot showing the transverse velocity v relative
to flow speed v, of 1.5 pm diameter silica spheres dispersed in
water, as a function of an orientation angle © of a 10x10 array
of holographic optical tweezers, wherein the two data sets
shown were obtained for different values of the flow speed u.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Optical traps refer to a type of force exerted by a beam of
light to trap and move small objects. In general, these forces
fall into two categories: (1) radiation pressure that tends to
push objects down the axis of a beam, and (2) optical gradient
forces. Optical gradient forces arise because objects develop
electromagnetic dipole moments when illuminated by light.
Intensity gradients in the light exert forces on these dipole
moments whose sign depends on the relative dielectric con-
stants of the object and the surrounding medium. Particles
with higher dielectric constants than their surroundings
(high-dielectric particles) generally are drawn up by the gra-
dients toward brighter regions while low-dielectric particles
are pushed away to darker regions.

Optical gradient forces provide the basic forces necessary
for the single-beam optical trap known as an optical tweezer.
An optical tweezer comprises a single beam of light brought
to a diffraction-limited focus by a high-numerical aperture
lens, such as a microscope objective lens. High-dielectric
objects are drawn toward the focal point, where the light is
most intense. At the same time, they are repelled by radiation
pressure that tends to drive them downstream. If the gradient
forces dominate, the particles can be stably trapped some-
where near the focal point.

In other words, the focused beam of light provides a three-
dimensional potential energy well for high-dielectric par-
ticles, and a potential energy barrier for particles that are
repelled by the light. The latter class of particles repelled by
radiation pressure includes low-dielectric particles, as well as






