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microfabricated sieve consisting of a two-dimensional lattice of obstacles or barriers for DNA
separation. The asymmetric disposition of obstacles or barriers rectifies the Brownian motion
of DNA molecules that pass through the sieve, causing the particles to follow paths that
depend on the respective diffusion coefficients of the DNA present. Although moderately
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_Further, many conventional techniques for fractionating particles achieve physical

separation of the various fractions along the direction of an applied force. For this reason,

they operate on discrete batches of samples, and do not operate continuously.

SUMMARY OF THE INVENTION
It is therefore an object of the invention to provide an improved system and method

for the lateral deflection of flowing particles that is both tunable and continuous.
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Further advantages and features of the present invention will be apparent from the

following specification, claims and drawings illustrating the preferred embodiments of the

present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1A is a schematic of a holographic optical tweezer system projecting an
optical tweezer array onto a flowing colloidal particle suspension; FIG. 1B is a schematic
view from the CCD camera of FIG. 1A; and FIG. 1C is a perspective representation of a
10x10 optical tweezer array for laterally deflecting flowing particles in accordance with the
present invention;

FIGURE 2A is a plot showing the channeling of particles through an aligned, 10x10
array of optical tweezers; FIG. 2B is a plot showing the trajectories of particles flowing along

the axes of a 10x10 array of optical traps oriented at a tilt angle of five degrees relative to the



particles flowi ng past an array of traps oriented at a tilt angle of
forty-five degrees with respect to the direction of flow, FIGURE 3 is a
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tilt angle O; FIGURE 4 is a second representation of the novenent of
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exper i enggl4ins thddiptiatiorbf thetieveacibn €or those skilled in the art, other explanations also can
be used to describe similar results which characterize embodiments of the invention. The
invention is therefore not limited to the description of its operation by the following
specification and drawings.
For a comprehensive understanding of the present invention, it is helpful to consider a
holographic optical tweezer system 10 as shown in FIG. 1A and a resulting square array 110
of individual optical tweezers 112. The system 10 includes a laser beam 20 which is passed
through a diffractive optical element 30, then processed by relay lens 40, reflected by
dichroic mirror 50, and then laser beam 20 is focussed into optical traps by objective lens 60.
The optical traps (not shown) are formed in sample chamber 70 and the trapped particle array
(not shown) is viewed by a conventional light microscopy system including condenser lens
80, the objective lens 60, a video eyepiece 85 and charge coupled device camera 90.
The resulting optical tweezer system 10 generates a square array 110 of individual

optical tweezers 112 as shown in FIG. 1B. The optical tweezers 112 exhibit a lattice constant

which typically, although not exclusively, has a somewhat larger distance between the optical



with the array 110 of individual traps 112. If the trapping force is
considerably greater than the external driving force, the particles 113
will becow® @oand3 |f, on the other hand, the external f@uIeustonssiates,
the particles 113 will flow past the arfay 110 with their trajectories
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particles 113 are_Jocked.into a trajectory (fromleft to right) with
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particles moving through the array 110 of the traps 112 that has a tilt angle 0 relative to the

direction of an external bias force 116 (see FIG. 1C also). As can be seen in FIGS. 3 and 4,
depending upon the relative tilt angle 6 of the array 110, it is possible for the individual
particles 113 to be laterally deflected in both positive and negative directions.

FIG. 2A shows an example of utilization of the system 10 with trajectories 115 of 1.5
um diameter silica, spherically shaped particles 113 passing through the 10x10 array 110 of
the optical traps or tweezers 112, with about 2.4um of space between each of the tweezers
112. The “y” axis represents about 53 um, and the “x” axis about 78um. In this
representation, a pressure gradient is driving the particles 113 from left to right at a speed of
about 30um/sec. With a substantially zero degree tilt angle for the array 110, the particles
113 are locked into a trajectory (from left to right) with minimal lateral deflection. The



FIG 2A therefore shows trajectories of roughly 1000 spheres (the particles
113) with the flow aligned along the [10] lattice direction. The particles
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PCT/ USO21 884dler.b pl ateaus in the longitudinal transport with increasing

rotati on. Qur Fl?rt 186? rr(ytgtg(l)noc a(r)lz]:;essthg grera?y s influence markedly. FIG. 2C shows the array
rotated to © = 37°, with other conditions unchanged. Rather than following the [10] lattice
rows to positive deflection, the particles 113 have now locked in to the [11] lattice direction
and experience a retrograde deflection. This crossover from [10] to [11] locked-in states
reflects the different local potential energy landscape the particle 113 experiences as it is
forced along different directions. At some threshold angle beyond the geometrically
determined crossover point at 22.5°, the jump rate for [11] hops exceeds that for [10] hops by
a large enough margin that the particles 113 become locked in to diagonal trajectories.
Rotating still further to 6 = 45° as in FIG. 2D reduces the degree of deflection while
enhancing the trajectories’ alignment with the [11] lattice direction.

It is believed that the kinetically locked-in states should form a hierarchy whose

influence on transport properties is expected to take the form of a Devil’s staircase of
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resolve in a systemof the present size.” In principle, transport through
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accordance with the present i nventi on has been observed in a WO _03/024163
PCT/ US0 248822 5°. Bmpirical data has suggested that, for a given particle size and power level, the

maximum amount of lateral deflection occurs when as the tilt angle approaches about 17°.

When the tilt angle passes about 22.5°, the lateral deflection of the particle 113 changes

direction entirely. Empirical data has suggested that the maximum deflection in this opposite

direction occurs as the tilt angle approaches 30°, although this maximum deflection is

substantially smaller than the maximum deflection which occurs at about 17°. The

nonmonotonic dependence of lateral deflection on orientation is clearly resolved. Other

possible lock-in orientations at intermediate and smaller angles may be difficult to resolve in

a system of the present size. In principle, transport through larger arrays of the optical

tweezers 112 would reveal a more extensive hierarchy of locked-in states, possibly

resembling the Devil’s staircases predicted for other systems.

As explained in more detail in the Example provided hereinafter, passive optically-

induced lateral deflection in accordance with the present invention has been observed in a



suspensi on of colloidal silica spheres 1.5 min dianmeter dispersed in
denoni zed water. A 10 x 10 array of the optical tweezers 112 was created
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upon depi nning al so provides The basis for a very general continuous
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their radii, a. e optical gradient force exerted on sub-wavel ength sized
spher es dfactenroughly as a3. The wel|l known Stokes drag, on the other

hand, varies %%duc@ng th\é\@ragg“/ € ﬁéa?c?rséltﬁglﬁyl{éggélgg %%?aser intensity or else by

increasing the external driving force allows otherwise locked-in ones of the particles 113 to
cross more easily from one row of the tweezers 112 to the next. This reduces the degree of
mode locking for a given angle, and thus also the angle of maximum deflection and also the
maximum deflection itself, until finally none remains. This threshold should be independent
of the array’s extent.

Loss of deflection upon depinning also provides the basis for a very general
continuous fractionation technique. The particles 113 more strongly influenced by the array
of the tweezers 112 could be deflected to greater angles than the particles 113 driven more
strongly by the external force. Consider, for example, colloidal spheres for the particles 113
which differ only in their radii, a. The optical gradient force exerted on sub-wavelength sized

spheres varies roughly as a3. The well known Stokes drag, on the other hand, varies as “a”.



Larger spheres enbodying the particles 113, therefore, are

di sproportionately influenced by the optical tweezers 112, while the

smal | er pato3okew3 113 can pass through with snmaller defl extli/gsv2281penti ng
the array 112 of the optical tweezers 142 near the angle of optinal

defl ection and adjusting the intensity to place the |argest particles 113
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barri er all the rticles ti.cal tweezers 112 can have
nar kledl yh’(’fﬁfi’léP‘életOPF ?fie%é’é%re%’ “PP%?IE ha]rf’élaé]rn?edlzs Choi ce of vv\z;vel engt h

therefore openg d@&r%@@hﬁ etk ROsRI BbrhpdtitRa teRlcch AMkAIPAOH Forcitak Gaén
fractionation. Al of these performance-deterni ning properties,
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sorting being acconplished by patterns of 8 rat her than by
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an exanpbptiai fractonatiod.| Aillchf(th;esc penfioreland@@etermining properties, furthermore, can be
varied continuously during operation. Common failure modes such as clogging similarly can
be remedied by extinguishing the trap array. Also unlike systems based on microfabricated
sample chambers, optical fractionation requires quite simple sample handling, all of the
sorting being accomplished by patterns of light rather than by distributions of matter. Recent
observations of molecular drift mediated by optical gradients allow one to conclude that
fractionation based on transport through the arrays 110 of the optical tweezers 112 can apply
even down to the scale of macromolecules. Straightforward consideration of the forces in the
implementation of passive optically-induced lateral deflection described herein demonstrate
the ability of highly selective fractionation.

The above described principles can be used as a method for separating the particles

113 into two different flow streams. FIG. 6 shows an example of a microfluidics channel 120
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further separa i he follow ng non-limting exanple

il lustrates g@henritod ofelid mkrentmhldaﬁltmlbe wéd inhevarienveippttationsaTpése  One
preferred system. shown scherratl cally in FIG 1 includes 1.5 m._di aneter
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serve as arrﬁr%%ﬁ{eﬁpélfo"‘wsfi@f tlﬁ%lltﬁérQCpa‘i@ﬁcﬁlroﬁﬂéjpéiju@l@le xed-bed ion exchange
resin. The ends of the tubes are connected to continuous fl ows of

humi di fi ed Ar ThafolloBling Romtjmates efantpheilfubtoates geaawdly cartaippeigsipals of thsal ance
whi ch drives.colloid through the sanpl e chanber and past the 75 x 58n2
field of191gﬁy f a 100 x NA 1.4 oil-inmersion obj ective nounted on an

A ynpus | MI-2 mcroscope base. By controlling the flow of Ar, we can
induce colloid to travel at up to 100nm sec over periods of an hour or
nor e. Th&xamplievi dual spheres in-plane notions are tracked with a
resol uti on of
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spheres (Bangs Labs) dispersed in deionized water and confined to a horizontal layer 15um
thick between parallel glass surfaces. These spheres are considerably denser than water and
readily sediment into a monolayer about 2um above the lower wall of the sample container.
The edges of the sample volume are sealed to form a flow channel. Two glass tubes bonded
to holes through the upper glass wall provide access to the sample volume and serve as
reservoirs for colloid, water and clean mixed-bed ion exchange resin. The ends of the tubes
are connected to continuous flows of humidified Ar gas. Blocking one of the flows causes a
pressure imbalance which drives colloid through the sample chamber and past the 75 x
58um?2 field of view of a 100 x NA 1.4 oil-immersion objective mounted on an Olympus
IMT-2 microscope base. By controlling the flow of Ar, we can induce colloid to travel at up
to 100pum/sec over periods of an hour or more.

The individual spheres’ in-plane motions are tracked with a resolution of 10 nm at

1/60 sec intervals using precision digital video microscopy. The resulting trajectory data
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5% of the traps are occupied at "any tinme. Wiile collisions sonetines occur
bet ween hopypimgnphintderetl dgectidne yorawkick dregrapaitgferop exegeds visheusghiag tehBowi i n

the 1 nvert o e e PERBle Bh siheh o TdBer Shu G i Bt Ap PR S T hose”
skilled inarhd18/-asistddainp\aicisst WBRNDEFeaRstedtUbirriealih eRSneaT-heorsdde
w t hout departing fromthe invention in its broader aspects. .
directions may only modulate the speed of a passing particle. A particle hopping from well
to well under these circumstances chooses a path through the potential energy landscape
based on a tradeoff between geometric proximity and energetic expediency. These tradeoffs
lead to interesting kinetic transitions as the driving force’s relationship to the trapping
potential changes.

Our silica spheres enter the hopping state for flow speeds of 30 & 3um/sec and laser
intensities of 100 + 10 pW/trap. The real density of spheres in the minelayer is low enough
that no more than 5% of the traps are occupied at any time. While collisions sometimes
occur between hopping particles, they are comparatively rare. The data shown in FIGS. 2A-
2D were obtained in this manner.

While preferred embodiments of the invention have been shown and described, it will

be clear to those skilled in the art that various changes and modifications can be made

without departing from the invention in its broader aspects.



WO 03/ 024163 PCT/ US02/ 28819 11 What Is Cained Is: 1. An apparatus for
control |l ed deflection of particles, conprising: a source for a plurality
of parti civesg3anegext ernal force froma source applied to tHoa/ydoansdipty of
particles; and an optical tweezer array'briented at a tilt angle relative
to a direction of a force fromthe source. .2. The apparatus as defined in
Cl ai m 1 Wibatds flaimedid:1t angle is selected to optimze flow velocity of
the particles. 3. The apparatus as defined in Caim1l wherein the opti cal

tweezer array, conp{ises ural i f.optical potential.wells, each
havi ng a potenti al %‘%H%‘fagﬁr‘ﬁgf"é??f&?f’g%ﬂ%f“’ﬂe QnﬁgP?lglF]ﬁ?safCSmeélét%bl i shing a
sel ected m sali gnn@ry‘oufce!f@ﬁg%grgh@y bhgwrgxegrnal force. 4. The apparatus as
defined in Caim3 wherein the optical tweezer array conprises at |east

two different poterficaferigdforcel@pmhssdugre appiegioihablurality pf paticlesilantiweezer s.
5. The apparatus a . I im 1 rein the tilt angle is adjustable
to select directi ZaH g’b‘%?&la‘%%f %%’ gr}entt?\g;a%aglgz}ngreergiat%a t%glrﬁcﬁlﬁgrog?égmﬁs
defi ned ifronCileisoutcewherei n the angle of deflection varies wth at |east
one of size of the particles, i%dex of refraction of a nedia in which the
particles aré-di sﬂ%@é‘ﬂ?a@‘ﬁ‘éﬁ%d fnedrip Chaimy § whergin theHlijangleds salerdeddar t i cl es

and Surf&%ﬁnﬁﬁﬂﬁbélﬁci@}ofﬂﬂ.@par@ﬁfe&j cles. 7. The apparatus as defined in

Claim1 erein the external "force is adjusted to nodify a deflection

angl e of the parti dhesipparaiws phdeftieden Clam bWhehm thx bpticahtwdeaerceray8. The
apparatus _as .defined..in im1 wherein control of particle nofion is,
obt ai ned “BYPHSTS Praﬂba?ﬁg?giﬁ%‘?@é’tmf W&ﬁs\r 390 }ﬁ‘é’mlga?s@rteqﬁiabg?pﬂil ﬁIBCLIﬁ%E}I{gﬁg or

the opti ayattbierBZ&ffblishiBg a EBRCRBRA Aot cASreBelE REG e ieRtefl kS8 Wherein
| arger ones of the particCles can be preferentially separated from snall er

ones of the pdrti cllde apparglwh et défingdan Clpmropherainghe apteral tweéegtitariayt ensi ty.

of the. onrpbar i R AP RSt Muhl Mol abblbt il et el dgR o5 7%

appar atus as def i ndtheiappsh@k 83 defhrdiie Ohitohiewhaet t6é 88 angle i$8djegindid rom
the group consisting of colloidal particles, macronol cules , "bi ol ogi cal

celI's, biseFeigligation of dilsetionef the a8 omes, and mixtures thereof. 12. A
met hod of contgr ol | g an%[rHug Ea? d@fﬁ{e'd%' Claﬁ&@&/hgﬂefﬁQhé Qﬁglg E)F gesﬂe%]t(ic:)n varies

with at least one of size of the particles, index of refraction of a media in which the particles
are disposed, shape of the particles, density of the particles and surface chemistry of the
particles.

7. The apparatus as defined in Claim 1 wherein the external force is adjusted to
modify a deflection angle of the particles from the direction of the external force.

8. The apparatus as defined in Claim 1 wherein control of particle motion is
obtained by a laser beam source having varying laser light intensity for the optical tweezers.

9. The apparatus as defined in Claim 8 wherein larger ones of the particles can be
preferentially separated from smaller ones of the particles by selecting an appropriate laser
light intensity.

10.  The apparatus as defined in Claim 1 further including additional stages of the
optical tweezer array to further deflect the particles.

11.  The apparatus as defined in Claim 1 wherein the particles are selected from
the group consisting of colloidal particles, macromolcules , biological cells, biological
organelles, chromosomes, and mixtures thereof.

12. A method of controlling particle motion, comprising the steps of:

providing a flow of particles;



providing a flow of particles; WO 03/024163 PCT/ US02/ 28819 applying an
external force to the particles; and creating an optical tweezer array
tilted atwawsanglee relative to a direction of the externactiwoerssid3. The
met hod as defined in Caim12 further including the steps of changing

| aser beamintensity used to create the optical tweezer array, thereby
controlling flow ofpplhieg apaxteimal &sce tb4dhe ﬂ'irﬁclmtahdd as defined in Claim12
further including the. ste s of  changin he ext rnal rce,
Lher eby cont 1ol | nEferiARbIPRAL AR pars aTed & radelasebiontos diston sl ey
G ai m 12.mbgheioRcet he particles have a range of at Ileast one of si ze,
shape, density,electronic char &gnetl Cc susceptibility, magnetic nonent,

dielectric coih%t anfrhe mﬁ}ﬂlold@ﬁldﬁ diirc By ﬁmh@plelr:hldélg tthT@PS blzohengingi abl e
response ato [ mte use (9rate eXttE:rlntweeéeorce t S %r rﬁ‘l 0ens and
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16.  The method as defined in Claim 12 wherein the angle is adjusted to change
flow velocity of the particles.

17.  The method as defined in Claim 12 wherein deflection occurs continuously.

18.  The method as defined in Claim 12 wherein laser light is provided to form the
optical tweezer array and wavelength of the laser light is adjusted to control particle motion.

19.  The method as defined in Claim 12 wherein at least one of the optical tweezer
array, the external force and angle of tilt are changed dynamically as the particles flow.

20. The method as defined in Claim 12 wherein the particles are selected from the
group consisting of colloidal particles, macromolecules , biological cells, biological

organelles, chromosomes, and mixtures thereof.



