a2 United States Patent

Grier

US007233423B2

US 7,233,423 B2
Jun. 19, 2007

(10) Patent No.:
45) Date of Patent:

(54) OPTICAL FRACTIONATION METHODS AND
APPARATUS

(75) Inventor: David G. Grier, New York, NY (US)

(73) Assignee: University of Chicago, Chicago, 1L
(US)

(*) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 119 days.

(21) Appl. No.: 10/845,758

(22) Filed: May 14, 2004

(65) Prior Publication Data
US 2005/0078343 A1 Apr. 14, 2005

Related U.S. Application Data

(60) Provisional application No. 60/498,868, filed on Aug.
29, 2003, provisional application No. 60/471,149,
filed on May 16, 2003.

(51) Imt.CL
G02B 5/32 (2006.01)
G02B 1/00 (2006.01)
GO02B 5/18 (2006.01)
GO02B 27/44 (2006.01)
(52) US.CL .. 359/15; 359/15; 359/566;
359/900
(58) Field of Classification Search ............ 359/15-19,

359/566, 569; 349/201
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

6,055,106 A 4/2000 Grier et al.
6,624,940 Bl 9/2003 Grier et al.
6,815,664 B2  11/2004 Wang et al.

2003/0007894 Al
2003/0086175 Al
2005/0061962 Al*

1/2003 Wang et al.
5/2003 Grier et al.
3/2005 Mueth et al. ............... 250/251

6000000000000
@] o0 O

2005/0094232 Al
2005/0152039 Al*
2005/0164372 Al 7/2005 Kibar

2005/0207940 Al*  9/2005 Butler et al. ...... 422/73
2005/0221333 Al* 10/2005 Sundarajan et al. ........... 435/6

5/2005 Kibar
7/2005 Grier et al. ........cuuu..... 359/614

OTHER PUBLICATIONS

N. R. Heckenberg et al., “Laser Beams with Phase Singularities”
Opt. & uvant. Elect., vol. 24, S951 (1992).

H He, NR Heckenberg, and H. Rubinsztein-Dunlop, “Optical par-
ticle trapping with higher-order” J Mod Optics 42, 217-233 (1995).
H He, MEJ Friese, NR Heckenberg, and H Rubinsztein-Dunlop,
“Direct Observation of Transfer of Angular Momentum to Absorp-
tive Particles from a Laser Beam with Phase Singularity” Phys Rev
Let 75 826-829 (1995) (and references therein).

(Continued)

Primary Examiner—Fayez G. Assaf
(74) Attorney, Agent, or Firm—Foley & Lardner LLP

(57) ABSTRACT

Static arrays of optical traps can be used to sort microscopic
objects with exponential sensitivity to size. Such optical
fractionation relies on competition between an externally
applied force and the moving objects’ differing affinities for
optical gradient traps. In a reverse fractionation method,
objects that are more strongly influenced by the traps tend to
become kinetically locked in to the array and are system-
atically deflected back into an input flow. In a thermal
ratcheting method, patterns are spaced to allow particle
diffusion, thus providing the opportunity for forward or
reverse movement through the patterns. Unlike other sorting
techniques, optical fractionation can operate continuously
and can be continuously optimized. The exponential sensi-
tivity arises quite generally from the particle size depen-
dence of the potential wells’ apparent widths.
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OPTICAL FRACTIONATION METHODS AND
APPARATUS

This invention was made with U.S. Government support
under Grants No. DMR-0304960 and DBI-0233971
awarded by the National Science Foundation, and through
the MRSEC Program of the National Science Foundation
under Award No. DMR-0213745. The U.S. Government
also has certain rights to the invention pursuant to these
contracts and awards.

FIELD OF THE INVENTION

This invention is concerned generally with implementa-
tion of a method and system for sorting small particles. More
particularly, the invention is directed to use of holographic
optical tweezer technique that sorts small objects such as
macromolecules, biomolecules, nanoclusters, colloidal par-
ticles and biological cells.

BACKGROUND OF THE INVENTION

Optical tweezers use optical gradient forces to trap small,
usually micrometer-scale, volumes of matter in both two and
three dimensions. A holographic form of optical tweezer can
use a computer-generated diffractive optical element to
create large numbers of optical tweezers from a single laser
beam. These tweezers can be arranged in any desired
configuration dependent on the need at hand.

Although systems are known to move particles precisely
and with a relatively high degree of confidence, conven-
tional systems require a separate hologram to be projected
for each discrete step of a particle’s motion. Computing
multiple holograms can be time consuming and requires
substantial computational effort. Furthermore, computer-
addressable projection systems required to implement such
computer-generated optical tweezers or other dynamic opti-
cal tweezer systems, such as scanned optical tweezers, tend
to be prohibitively expensive.

SUMMARY OF THE INVENTION

The behavior of many technologically and commercially
important systems results from classical transport through
modulated potential energy landscapes. One method of
utilizing these behaviors is optical fractionation. Optical
fractionation can continuously (within a given time seg-
ment) sort populations of small objects into separate frac-
tions on the basis of their differing abilities to move through
arrays of optical traps. In particular, objects driven by an
external force, such as viscous drag in a flowing fluid,
encounter an array of traps whose axes of symmetry are
oriented at an angle with respect to the driving force.
Typically, these traps would be created with the holographic
optical tweezer technique. Those objects more strongly
influenced by the potential energy wells created by the traps
tend to hop from trap to trap, and so are deflected away from
the direction of the driving force. Other objects that are more
strongly influenced by the driving force or less strongly
influenced by the optical traps pass through the array unde-
flected. Depending on the configuration of the traps, the
present invention may be utilized to deflect different frac-
tions by different amounts. In some circumstances, the clean
separation of the above described binary embodiment is
preferred. However, it is within the scope of the invention to
choose multiple fractions for collection. For example, in one
embodiment, a heterogeneous sample may be fanned out in
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a continous range of directions in an “optical chromatogra-
phy” method. The deflected and undeflected fractions can be
collected separately.

Typically, the heterogeneous input sample and the output
fractions are dispersed in a fluid flowing through channels.
In one preferred embodiment, the channels take the form of
a so-called H-junction, in which two inputs, one containing
the input mixed sample and the other containing just the
background fluid, are brought together to flow side-by-side
for a set distance before being separated into two output
channels. If the channels are small enough, the Reynolds
number for the flowing fluid is small enough that the two
flows do not mix, but rather flow side-by-side in a laminar
manner. Consequently, objects in the input flow would not
ordinarily cross the separatrix between the flows into the
buffer channel, except perhaps by diffusion.

One aspect of the present invention relates to optical
fractionation using an array of discrete optical traps to
continuously sort small objects on the basis of their relative
affinities for the optical traps and for a competing externally
applied force. The undesired fraction is more diffusive or
motile than the desired fraction. However, another aspect of
the present invention relates to “reverse” optical fraction-
ation. In reverse optical fractionation, the desired fraction is
more diffusive or motile than the undesired fraction.

Another aspect of the present invention involves a modi-
fication of a technique known as optical peristalsis, in which
small objects are transported deterministically by a projected
sequence of optical trapping patterns. The difference
between optical peristalsis and the disclosed optical thermal
ratchet technique endows the system and method with
qualitatively new capabilities, including without limitation
bidirectional pumping through an effect known as flux
reversal and also embodies new possibilities for sorting
heterogeneous samples.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows optical fractionation wherein a microfluidic
H-junction comprises a first flow containing the heteroge-
neous sample to be fractionated and a second flow composed
of the background, or buffer fluid;

FIG. 2 shows reverse optical fractionation wherein a
microfiuidic H-junction contains two flowing fluids, one of
which contains a heterogeneous sample to be fractionated,
and the other of which contains only buffer solution;

FIG. 3A shows a side view of a schematic for optical
fractionation; and FIG. 3B shows a top view of the optical
fractionation in 3A;

FIG. 4 shows the optical separation of large silica sphere
from small silica spheres; FIG. 4A depicts representative
trajectories of 0.79 micrometer radius spheres measured at
Yso sec. intervals; FIG. 4B shows the trajectories of 0.5
micrometer radius spheres obtained simultaneously; FIG.
4C is the time-averaged areal density of 0.79 micrometer
radius spheres relative to their mean areal density; and FIG.
4D is time-averaged areal density of 0.50 micrometer radius
diameter spheres relative to their mean areal density.

FIG. 5 illustrates the spatially resolved quality of sepa-
ration obtained with a single line of optical traps;

FIG. 6A illustrates a prior art optical peristalsis method
wherein a pattern of optical traps localize an object; FIG. 6B
illustrates replacement of an optical trap pattern with another
shifted by a distance; FIG. 6C illustrates yet another shifted
pattern of traps; and FIG. 6D illustrates completion of one
cycle of optical peristalsis; and
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FIG. 7 illustrates numerical solution of equations of
motion for an optical thermal ratchet implementation dem-
onstrating flux reversal.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention relates to methods and apparatus
for optical fractionation. One aspect relates to optical frac-
tionation using an array of discrete optical traps to continu-
ously sort small objects on the basis of their relative affinities
for the optical traps and for a competing externally applied
force. Another aspect of the present invention relates to
“reverse” optical fractionation. A third aspect of the present
invention relates to the use of a “ratcheting” optical frac-
tionation technique.

A model system has been developed for studying modu-
lated transport, in which individual colloidal spheres are
driven through a regular array of potential wells created with
discrete optical tweezers, while their motions are analyzed
with digital video microscopy. Experiments on this system
demonstrate that driven particles trace out a Devil’s staircase
hierarchy of kinetically locked-in states as the array is
rotated with respect to the driving force. Within each of
these states, the particles’ trajectories follow symmetry-
selected directions through the lattice of traps independent
of'the array’s orientation and therefore are deflected laterally
away from the driving force. Such deflection was predicted
to provide the basis for a continuous fractionation technique
in which the selected population is deflected by an array of
traps while the rest of the sample passes through unhindered.
This methodology presents a practical demonstration of
optical fractionation and furthermore demonstrates that opti-
cal fractionation’s resolution can depend exponentially on
particle size. Therefore this methodology offers sensitivity
unparalleled by any previously reported sorting technique.

One can demonstrate one form of the concept of optical
fractionation by using an array of discrete optical traps to
continuously sort small objects on the basis of their relative
affinities for the optical traps and for a competing externally
applied force. This approach utilizes trajectories of two
different sizes of colloidal silica spheres dispersed in water
flowing past a linear array of optical tweezers arranged at an
angle with respect to the flow. The flowing colloidal disper-
sion was confined to a 4 mmx0.7 mmx40 pm glass channel
formed by bonding the edges of a cover slip to a microscopic
slide. A pressure difference applied across this channel
creates a roughly constant Poisseuille flow of about 60
um/sec over several minutes. The sample consisted of a
mixture of a=0.79 um radius spheres (Duke Scientific Duke
Scientific Corporation, 2463 Faber Place Palo Alto, Calif.
94303, Lot No. 24169) and a=0.5 pm radius spheres (Duke
Scientific Lot No. 19057), both of which can be tracked to
within 30 nm in the plane at V6o sec intervals using conven-
tional bright-field microscopy and digital video analysis.
Furthermore, these spheres can be reliably distinguished on
the basis of their appearance, and thus provide an ideal
model system whose microscopic response to optical frac-
tionation can be monitored in real time. Typical trajectories
for large and small spheres appear in FIGS. 4A and 4B,
respectively.

Silica spheres are roughly twice as dense as water and
therefore settle into a monolayer just above the lower glass
wall of the channel, with the smaller spheres floating some-
what higher because they are lighter. Given the Poisseuille
flow profile within the channel, the smaller spheres travel
somewhat faster, with a mean speed of u,=17+9 pm/sec,
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compared with the larger spheres’ u,=13+2 pm/sec. The
viscous drag on a stationary sphere, F,=yu, is characterized
by a drag coeflicient, y, that depends both on the sphere’s
radius, o, and also on its proximity to bounding surfaces.
The populations’ drag coefficients can be estimated from
their diffusivities, D, using the Finstein-Smoluchowsky rela-
tion D=k, T/y, where K T is the thermal energy scale at
temperature T. The diffusivities, in turn, can be measured
from the transverse velocity fluctuations in trajectories such
as those in FIGS. 4A and 4B. More generally, the applied
force F, can be provided by processes such as electrophore-
sis, electroosmosis, magnetophoresis, or gravitational sedi-
mentation.

The optical traps for this illustration were created with the
dynamic holographic optical tweezer technique. Twelve
discrete optical tweezers, each powered by 1.7£0.8 mW of
laser light at 532 nm, were arranged in a line at 6=12.0°+0.5°
with respect to the channel’s axis, with center-to-center
spacing of b=3.6x0.1 wm. Each trap may be modeled as a
roughly Gaussian potential well whose depth, V_, and width,
0, both depend on the sphere’s radius, c.

Were it not for the optical traps, a particle driven through
a viscous fluid by an applied force F, would travel at a mean
speed u=F,/y Provided that the applied force F, is suffi-
ciently large, the optical traps only deflect a particle away
from its trajectory. If the deflection is small, then the particle
will continue to travel downstream from the line of traps and
may be said to have escaped from the line of traps. On the
other hand, each trap can be strong enough to deflect the
particle into its neighbor’s domain of influence. In this case,
the particle will be passed from trap to trap and is effectively
captured by the array. This is the mechanism of kinetically
locked-in transport. The deflection angle 6 was selected to
be close to the angle of maximum deflection for this locked-
in transport. The relative deflection of captured particles’
trajectories relative to escaped particles’ trajectories is the
basis for sorting by optical fractionation. The deflected and
undeflected fractions can be collected separately and this
process is shown schematically in FIG. 1.

Given the traps’ geometry, the laser power was set
between the empirically determined thresholds for escape of
the large and small spheres. The trajectories in FIGS. 4A and
4B demonstrate that the larger spheres are systematically
deflected by the array of traps under these conditions, while
the smaller spheres are not. Consequently, small spheres
flow unimpeded into the resulting shadow in the distribution
of large spheres, where they can be collected. Conversely,
the deflected large spheres are concentrated into a small
region at the end of the optical trap array where they may be
separately collected. Because the purification of small
spheres and the concentration of large spheres results from
lateral deflection of the larger fraction, this optical fraction-
ation process can proceed continuously and thus offers
advantages over batch-mode techniques such as gel electro-
phoresis.

This qualitative interpretation of just a few trajectories
can be made more compelling by considering the statistics
of'tens of thousands of trajectories collected in FIGS. 4C and

4D. Here, we plot the time-averaged areal density n (?) of

spheres in regions of area 60x24 pm® centered at ?,
normalized by the mean time-averaged areal denisity no for
each population. The spheres’ relative affinities for the traps
can be gauged in that large spheres are roughly eighteen
times more likely to be found in a trap than in the bulk flow,
while small spheres are only three times more likely. Given
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the spheres’ relative speeds, these ratios are consistent with
the larger spheres being temporarily stopped in local poten-
tial minima while the smaller spheres are simply slowed.

The quality of the resulting separation can be gauged by
measuring the relative population concentrations as a func-
tion of position in the flow:

M

_ m®=n®)

1, (F) + ny(F)

2%

This figure of merit, shown in FIGS. 5A and 5B, reaches
a maximum value of unity in a region containing only large
spheres, and minus one in a region with only small spheres.
A section transverse to the flow along the line A in FIG. SA
before the array of traps reveals a perfectly mixed sample,
Q(y)=0, as shown by the small circles in FIG. 5B. A similar
section after the array of traps, along line B, and plotted as
larger circles in FIG. 5B, demonstrates roughly 40 percent
purification of both large and small spheres. Much of the
background can be attributed to collisions in the array of
traps that allowed large spheres to escape. Collision-induced
escape is evident in the large spheres’ concentration profile
downstream of the trap array in FIG. 4C, with collisions and
escape becoming increasingly likely as the large spheres
saturate the downstream end of the trap array. Such colli-
sions are most effectively avoided by projecting several
parallel lines of traps. As few as three lines provide essen-
tially perfect fractionation under the present experimental
conditions, with more becoming necessary in denser sus-
pensions.

The data in FIGS. 4A, 4B and 5A, 5B demonstrate that
arrays of discrete optical traps can continuously separate
spheres on the basis of their size. Considering the physical
conditions leading one type of particle to escape from an
array of traps while another type is captured provides the
basis for optimizing optical fractionation.

For simplicity, the influence of just two discrete optical
traps was analyzed, centered at x=+b/2, on a particle near
their midpoint at x=0. The particle’s total potential energy is

by by @
X = —] X+ 5] yz .
V() = —Vy|exp| - 72 +exp| — = xp[— 20_2] —F| -7
It escapes by passing through a point where
©)

by? by?
(++3) (x+3)
+exp| —

N . Vo
Fy(F) = Fysind — ;y exp| — 72 72

y2
CXpP| — ﬁ

=0

the y component of the total force, vanishes. Particles should
escape most readily near x=0, where the trapping force is
weakest, and y=0 the separation at of maximum force. In
this case, the maximum attainable deflection still admitting
captured trajectories is given by
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. b ()
sinf = f(a)exp[— 8_4”2]

where the relative trap strength f(a)=(2/Ve)V _/V, depends
on particles’ material properties, including their size, but not
on the configuration of the traps. Here V,=F, o characterizes
the driving force. Similarly, the apparent extent o(a) of an
optical trap depends not only on the width o, of the focused
beam of light, but also on the size of the particle:

oA(a)=c2+a’

®

Larger particles are influenced by the optical trap at a
larger range than smaller particles. This qualitative depen-
dence of o on a established conditions for exponentially
sensitive separations. We will continue to use Eq. (5) for
illustrative example purposes.

For the present data V,/V =1.3 and 0.73 were obtained for
the large and small spheres, respectively, using thermal
fluctuation analysis to characterize the optical traps’ depths.
The same analysis reveals 0=0.94+0.07 um and 0.74+0.07
um for the traps’ apparent widths. These results suggest
critical angles of 0=14°+1° for the large spheres and
06=3°+2° for the small, which is consistent with the obser-
vation that large spheres are systemically captured, while
small spheres escape. The total lateral deflection for a
marginally captured particle in an N-trap array is (N-1)b sin
0. Accordingly,

A(alb)=b sin 0 (6)
establishes the lateral deflection per trap, and thus charac-
terizes the array’s efficiency. Choosing the inter-trap spacing
b=20(c) optimizes this efficiency at A=4/e V/F . This result
is useful for designing a practical optical fractionation
system, but does not necessarily optimize its sensitivity to
particle size.
The sensitivity may be formulated as

M

dA(alb
stap = 2590,

and is optimized by setting

aS(alb) 3% Alalb) _ (8)

ab dboa

This yields

B ©

2(cf +a?)

=3-x(@+V9I-2x(a + x%a),

where

a®+ 0t f'(a) (10)

a  fla)

xla) =












