
OPTICAL FRACTIONATION METHODS AND APPARATUS  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  Straps. 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 systematically 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 sensitivity
arises quite generally  from the particle size
dependence of the potential wells' apparent widths.
WO 2004/104551 PCT/US2004/015327  OPTICAL
FRACTIONATION METHODS AND APPARATUS [0001] This
invention was made with U.S. Government support under
Grants No.  DMR-0304960 and DBI-0233971 awarded by the
National Science Foundation, and  5 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 [0002] This
invention is concerned generally with implementation
of a method and system  10 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
particles and biological cells. Background of the
Invention [0003] Optical tweezers use optical gradient
forces to trap small, usually micrometer-scale,  15
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. [0004] Although systems are known to move
particles precisely and with a relatively high  20
degree of confidence, conventional 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 optical tweezer systems, such as scanned
optical tweezers, tend  25 to be prohibitively
expensive. Summary of the Invention [0005] 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
30 (within a given time segment) sort populations of
small objects into separate fractions on  the WO
2004/104551 PCT/US2004/015327  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 5
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 undeflected. Depending on 10 the
configuration of the traps, the present invention may
be utilized to deflect different  fractions 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 a continous
range of directions in an "optical 15 chromatography"
method. The deflected and undeflected fractions can be
collected  separately. [0006] 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 20 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  25 channel, except perhaps by diffusion.
[0007] 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 30 the present invention relates to
"reverse" optical fractionation. In reverse optical
fractionation, the desired fraction is more diffusive
or motile than the undesired fraction. 2 WO
2004/104551 PCT/US2004/015327  [0008] Another aspect
of the present invention involves a modification 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 5 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 [0009] FIG. 1 shows optical fractionation
wherein a microfluidic H -junction comprises a  10
first flow containing the heterogeneous sample to be
fractionated and a second flow  composed of the
background, or buffer fluid; [0010] FIG. 2 shows
reverse optical fractionation wherein a microfluidic
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;
15 [0011] 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; [0012] 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  1/60 sec. intervals; FIG. 4B
shows the trajectories of 0.5 micrometer radius
spheres 20 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;  [0013] FIG. 5 illustrates the
spatially resolved quality of separation obtained with
a single  line of optical traps; 25 [0014] 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 3 WO 2004/104551
PCT/US2004/015327  [0015] FIG. 7 illustrates numerical
solution of equations of motion for an optical thermal
ratchet implementation demonstrating flux reversal.
Detailed Description of Preferred Embodiments [0016]
The present invention relates to methods and apparatus
for optical fractionation.  5 One aspect 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.
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 fractionation technique. 10
[0017] A model system has been developed for studying
modulated 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 15 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 20 unhindered. This
methodology presents a practical demonstration of
optical fractionation  and furthermore demonstrates
that optical fractionation's resolution can depend
exponentially on particle size. Therefore this
methodology offers sensitivity unparalleled  



by any previously reported sorting technique. [0018]
One can demonstrate one form of the concept of optical
fractionation by using an  25 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 dispersion was confined
to a 4 mm x 0.7 mm x 40 m glass channel 30 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 m/sec  over several minutes. The sample
consisted of a mixture of a = 0.79 m radius spheres  4
WO 2004/104551 PCT/US2004/015327  (Duke Scientific
Duke Scientific Corporation, 2463 Faber Place Palo
Alto, California  94303, Lot No. 24169) and a = 0.5 tm
radius spheres (Duke Scientific Lot No. 19057), both
of which can be tracked to within 30 run in the plane
at 1/60 sec intervals using,  conventional
bright-field microscopy and digital video analysis.
Furthermore, these spheres 5 can be reliably
distinguished on the basis of their appearance, and
thus provide an ideal  model system whose microscopic
response to optical fractionation can be monitored in
real  time. Typical trajectories for large and small
spheres appear in FIGS. 4A and 4B,  respectively.
[0019] Silica spheres are roughly twice as dense as,
water and therefore settle into a  10 monolayer just
above the lower glass wall of the channel, with the
smaller spheres floating  somewhat higher because they
are lighter. Given the Poisseuille flow profile within
the  channel, the smaller spheres travel somewhat
faster, with a mean speed of u3 = 17 f 9  m/sec,
compared with the larger spheres' ub = 13 4 2 m/sec.
The viscous drag on a  stationary sphere, Fl =yu, is
characterized by a drag coefficient, y, that depends
both on the 15 sphere's radius, a, and also on its
proximity to bounding surfaces. The populations' drag
coefficients can be estimated from their
diffusivities, D, using the Einstein-Smoluchowsky
relation D = kbT/y, where KIIT 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 FI can be
20 provided by processes such as electrophoresis,
electroosmosis, magnetophoresis, or  



gravitational sedimentation. [0020] The optical traps
for this illustration were created with the dynamic
holographic  optical tweezer technique. Twelve
discrete optical tweezers, each powered by 1.7 f 0.8
mW of laser light at 532 nm, were arranged in a line
at 0 = 12.0 + 0.5 with respect to the 25 channel's
axis, with center-to-center spacing of b = 3.6  0.1 m.
Each trap may be  modeled as a roughly Gaussian
potential well whose depth, V, and width, Er, both
depend  on the sphere's radius, a. [0021] Were it not
for the optical traps, a particle driven through a
viscous fluid by an  applied force FI would travel at
a mean speed u = FI/9 Provided that the applied force
Fl  30 is sufficiently 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  5 WO 2004/104551
PCT/US2004/015327 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 0 was  selected to be close to
the angle of maximum deflection for this locked-in
transport. The 5 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.  [0022] 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. 10
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 15 the
purification of small spheres and the concentration of
large spheres results from lateral  deflection of the
larger fraction, this optical fractionation process
can proceed continuously  and thus offers advantages
over batch-mode techniques such as gel
electrophoresis. [0023] 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 FIG.  20 4C and
4D. Here, we plot the time-averaged areal density n 0
of spheres in regions of area 60 x 24 Qm2 centered at
r , 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 bulls flow,
while small spheres are only three times more likely.
Given the spheres' relative speeds, 25 these ratios
are consistent with the larger spheres being
temporarily stopped in local  potential minima while
the smaller spheres are simply slowed. [0024] The
quality of the resulting separation can be gauged by
measuring the relative  population concentrations as a
function of position in the flow: Q(~)= rzb 0- ns t
(1)  nb P -I- ns F' 6 WO 2004/104551 PCT/US2004/015327
[0025] 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. 5A before the
array of  traps reveals a perfectly mixed sample,
Q(y)= 0, as shown by the small circles in FIG. 5B. 5 A
similar section after the array of traps, along line
B, and plotted as larger circles in FIG.  513,
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 10 likely
as the large spheres saturate the downstream end of
the trap array. Such collisions are  most effectively
avoided by projecting several parallel lines of traps.
As few as three lines  provide essentially perfect
fractionation under the present experimental
conditions, with  more becoming necessary in denser
suspensions. [0026] The data in FIGS. 4A, 4B and SA,
5B demonstrate that arrays of discrete optical  15
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. [0027] For
simplicity, the influence of just two discrete optical
traps was analyzed, centered  



at x = fb/2, on a particle near their midpoint at x =
0. The particle's total potential energy is  1 r 2 r (
b '-J r(x+ L 2)2 expl y 20 Vexpl - (X--,Y +exl - l II
2~-Fi r (2)  L` l 26 J l 26 [0028] It escapes by
passing through a point where r l Fr,r)=Fisin0- LO y
expl `x zJ J +expl -`x+;)Z L(3)  l l 26y 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 = a the separation at
of maximum force. 25 In this case, the maximum
attainable deflection still admitting captured
trajectories is given  by 7 WO 2004/104551
PCT/US2004/015327  ( z sin0 f(a)expl -$ 22 (4) where
the relative trap strength f(a)=(2/,)Vo/V, depends on
particles' material  properties, including their size,
but not on the configuration of the traps. Here V, =
Fla  characterizes the driving force. Similarly, the
apparent extent a(a) of an optical trap 5 depends not
only on the width co of the focused beam of light, but
also on the size of the  particle: a2 (a) x 62 + a2 (5
)  [0029] Larger particles are influenced by the
optical trap at a larger range than smaller
particles. This qualitative dependence of a on a
established conditions for exponentially 10 sensitive
separations. We will continue to use Eq. (5) for
illustrative example purposes.  [0030] For the present
data Vo/V1= 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 a = 0.94
0.07 gni and 0.74  0.07 gm for the traps'  apparent
widths. These results suggest critical angles of
0=1401 for the large spheres and 



15 0=32 for the small, which is consistent with the
observation 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-l)b sin 0. Accordingly,
A(alb)= bsin0 (6)  establishes the lateral deflection
per trap, and thus characterizes the array's
efficiency. 20 Choosing the inter-trap spacing b =
2a(a) optimizes this efficiency at A = 4/e V0/Fl. This
result is useful for designing a practical optical
fractionation system, but does not  necessarily
optimize its sensitivity to particle size. [0031] The
sensitivity may be formulated as S(alb) -- aA(alb) (7)
25 and is optimized by setting aS(alb) _ a20(alb) = 0
(8)  at abaa 8 WO 2004/104551 PCT/US2004/015327
[0032] This yields b2  2 6 o z + a z 3-x(a)+ 9-2x(a)
+x2(a), (9)  where a2 + 60 P(a) X(a) a f(a) (10)  5
[0033] Equation (9) establishes the spacing between
traps b for which an array of optical  traps at angle
0 will most sensitively distinguish between "large"
particles, which will be  captured, and "small"
particles, which will escape. [00341 As a practical
example, these results may be applied to optimizing
optical  fractionation in a viscous flow. For
particles comparable in size to the wavelength of
light,  10 or smaller, the depth of the potential well
should scale with the particles' volume Vo = Aa3,
while the viscous drag force is proportional to their
radius, Vr = Ba, so that f(a) is  proportional to a2.
Substituting the optimized spacing b into the
criterion for flow-based  separation in Eq. (4) yields
2Aa2 60 3 1 9 60 60 sin8 B exp 2a2 4 2 4 + a2 + a4 (1
1) 



15 [0035] Equations (4) and (5) further demonstrate
that optical fractionation depends only  linearly on
the depths of the potential wells. Thus, variations in
potential well depths for  practical arrays of optical
vortices should degrade the separation's resolution
only linearly,  and generally can be compensated for
by the substantially stronger dependence on particle
size. 20 [0036] In summary, the foregoing examples
have demonstrated optical fractionation in  practice
for a model system of colloidal silica spheres, and
have shown that the technique  promises exponential
sensitivity for size-based separations. The foregoing
considerations  demonstrate that an optical
fractionation system's geometry can be selected to
optimize  separation on the basis of size, and that
exponential sensitivity should be the norm. 25
Separation on the basis of other characteristics can
be optimized by a similar line of  reasoning, although
exponential sensitivity should not be expected in the
general case. 9 WO 2004/104551 PCT/US2004/015327
[0037] Equation (11) further provides insights into
the possibility of applying optical  fractionation to
such objects as proteins and nanoclusters whose
dimensions a are measured  in tens of nanometers. In
particular, Eq. (11) demonstrates that moving from 1
micrometer- scale objects to 10 nanometer-scale
objects at a fixed angle 0 will require enhancing the
5 ratio A/B by several orders of magnitude. This can,
in principle, be accomplished by  increasing the
intensity of the light, reducing its wavelength, and
selecting a wavelength for  which the interaction with
the particles is resonantly enhanced. [0033]
Implementing optical fractionation in such a system
involves creating an array of  traps that spans the
input mixed flow in such a way that the desired
fraction of particles is  10 deflected across the
separatrix and into the buffer flow. In one aspect,
successful operation requires that the sample have low
enough diffusivity or motility that the undesired
fraction  spontaneously crosses the separatrix at an
acceptably low rate. [0039] However, another aspect of
the present invention is directed to the opposite
case,  where the desired fraction is more diffusive or
motile than the undesired fraction. In  15 addition,
it can further be directed to the case where the
desired fraction interacts less strongly than the
other fraction, and so would not be selected by
conventional optical  fractionation. The greatest
benefits from the present invention would be realized
in systems  for which both conditions apply, although
either is sufficient. FIG. I depicts a microfluidic  



H -junction 100 with two fluid flows. One flow, the
mixed input flow I10, contains the 20 heterogeneous
sample to be fractionated. The other flow, the buffer
flow 120, is composed  of the background, or buffer
fluid. Objects in the input flow 110 encounter an
array of  optical tweezers 130, arranged at an angle /
with respect to the flow, which deflects the  selected
fraction of the sample into the buffer output flow 140
for collection. The  undeflected fraction of the
sample remains in the original stream, or output flow
150, where  25 it is collected. [0040] As shown in
FIG. 2 rather than creating optical trap arrays to
direct objects out of  the mixed input flow 110 and
into the buffer flow 120, the invention can also use
optical  traps to direct objects back into the input
mixed flow as they attempt to cross the separatrix,
either by diffusion or by actively swimming. As in the
conventional method shown in FIG. 30 1, a microfluidic
H -junction 200 contains two flowing fluid streams,
one of which 210  contains a heterogenous sample to be
fractionated, and the other 220 of which contains only
10 WO 2004/104551 PCT/1JS2004/015327  buffer solution.
Only those objects in the mixed input flow 210 that
attempt to cross the  separtrix between the two flows
encounter an array of optical traps 230 arranged so as
to  direct objects back into the mixed input flow 210.
Objects which cross the separatrix  through the array
of traps 230 are collected in the buffer output flow
240. Those that 5 remain in the original input flow,
either because they are less diffusive or because they
were ~  deflected by the array of traps 230, are
collected separately in the output flow 250. in this
case, the less diffusive or motile objects will be
deflected back into the mixed input flow,  while the
more mobile fraction will escape the traps and cross
the separatrix to be collected.  Similarly, objects
that are less strongly influenced by the optical traps
will be more able to  10 cross the separatrix to be
collected. [0041] Whereas optical fractionation
requires a large enough number of optical traps to
fill  the entire mixed input flow, this reversed
process requires only enough traps to cover a  region
just around the separatrix between the flows.
Consequently, reverse optical  fractionation requires
far fewer optical traps than conventional optical
fractionation and so  15 makes more efficient use of
the laser light required to create the traps. [0042]
To the extent that optical fractionation has
well-documented advantages over other  sorting
techniques, reverse optical fractionation offers the
same advantages. These include  



continuous operation rather than batch-mode operation,
continuous optimization through  adjustment of: laser
power, laser wavelength, optical tweezer geometry,
driving force, and 20 exponential sensitivity to size.
Reverse optical fractionation extends these advantages
to  systems for which conventional optical
fractionation is either inapplicable or impractical.
As with conventional optical fractionation, reverse
optical fractionation may beneficially  take advantage
of the polarization of the trapping light or the mode
structure of the trapping  beams to sort objects on
the basis of their birefringence, optical activity,
elasticity, as well 25 as such properties as size,
optical scattering cross-section, optical
absorptivity, surface  charge, and shape. [0043]
Microfluidic H-junctions are known to be useful for
sorting objects on the basis of  their diffusivity.
The addition of optical tweezer arrays organized for
reverse optical  fractionation greatly enhances the
selectivity of the process, and offers a vast array of
new  30 physical bases by which to sort objects. 11 WO
2004/104551 PCT/US2004/015327  [0044] In another
aspect of the present invention, thermal ratcheting is
utilized. FIGS. 6(A- D) show the principal upon which
optical peristalsis operates and will be useful for
explaining the features of the optical thermal
ratchet. In FIG. 6A, a pattern of discrete  optical
traps is shown localizing a single object. The pattern
is schematically represented as 5 two discrete
potential energy wells, each of width a, separated by
distance L. In practice,  an actual pattern would
include a great many optical traps organized into
manifolds. The  goal of both optical peristalsis and
also of the herein disclosed optical thermal ratchet
methodology is to transfer objects from one manifold
of traps to another. The two  approaches differ in how
they accomplish this. 10 [0045] In optical
peristalsis, the initial pattern of traps is replaced
with another in which the  manifolds are shifted by a
distance comparable to a, (see FIG. 6B). Because the
new  potential wells overlap with the old, particles
are transferred deterministically to the nearest
manifolds on the new pattern. This process repeats in
FIG. 6C with yet another shifted  pattern of traps.
One cycle of optical peristalsis is complete when the
original pattern is 15 projected, (see FIG. 6)). The
net effect of this cycle is to transfer the trapped
particle from  one manifold of traps in the first
pattern to the next manifold, also in the first
pattern. In  practice a great many particles can be
trapped in a great many optical traps; and all would  



be transferred forward by one set of manifolds in each
optical peristalsis cycle. The  direction of motion is
unambiguously determined by the sequence's order and
can be  20 reversed only by reversing that order.
[0046] The optical thermal ratchet differs from
optical peristalsis in that the separation  between
manifolds in the direction of motion is substantially
larger than the individual  traps' widths.
Consequently, particles trapped in the first pattern
are left free to diffuse  when the second pattern is
energized. Those particles that diffuse far enough to
reach the 25 nearest manifold in the second pattern
rapidly become localized. This localized fraction
then can be transferred forward (again by diffusion)
once the third pattern is projected, and  again be
transferred when the cycle returns to the first
pattern. Unlike optical peristalsis, in  which
deterministic transport ensures that all trapped
objects move forward in each cycle,  this biased
diffusion will transport only a fraction of the sample
forward. 30 [0047] This embodiment of thermal
ratchets, however, leads to a new opportunity.
Particles  too slow to catch the forward-going waves
might still diffuse far enough to catch a well
retrograde to their starting point when the third
pattern of FIG 6C is illuminated. These  12 WO
2004/104551 PCT/US2004/015327  particles would be
transferred backward by one third of the
inter-manifold separation at  each cycle. Whether a
population travels forward or backward through the
sequence of  trapping patterns is determined by a
balance between the particles: diffusion rates and the
rate at which the sequence cycles. Changing the
cycling rate therefore can change the 5 direction of
mean motion, a phenomenon known as flux reversal.
[0048] The expected flux of particles under the
influence of cycling optical tweezer patterns  can be
calculated. A tweezer at position xj may be modeled as
a Gaussian potential well.  -x ' z (12)  uj (x) _ -Vo
exp x 20-2  10 [0049] This well has a depth V. and
width a. This potential well is manifestly spatially
symmetric. A pattern of wells establishes one state of
the three-state cycle required for  ratchet behavior.
As an illustrative example, the wells can be
considered in a pattern to be  



equally spaced by a distance L, so that the overall
potential in state k is 15 N (x-~L-k L)2 Vk(x)=-~
Voexp - 2 (13)  i=-A( 26 where Ic = 0, 1, or 2. Again,
as an illustrative example, the potential energy
landscape can  be considered to cycle repeatedly
through these three states at even intervals T. This
time is  20 to be compared with the time z  a D (14)
required for particles of diffusivity D to diffuse
through the system. The balance between T  and ti
turns out to determine which direction a particle is
driven through the system by the  25 sequence of
potential energy states. [0050] The probability p(x,t)
dx to find a Brownian particle with dx of position x
at time t  under the combined influence of the optical
traps and random thermal forces is governed by  the
master equation: 13 WO 2004/104551 PCT/US2004/015327
P(Y,t+z) = f P(y,Z ~,0)p(x,t)dx (15) [0051] where the
propagator for each state k is given by, Pk, (y,tI
x,0) = e` (16)  [0052] for times t<T, with: z 5 L(Y)
=D(a2-fazV(Y) (17)  ay ay ) [0053] and where g-1 is
the thermal energy scale. The master equation for one
complete  three-state cycle is, p(Y,t+3T)= f
dy3P3(Y3,T\Yz>0) f dY2 (Yz,T\Y"0) f
cy,P,(y1,T\x,0)p(x,t) (18)  [0054] For the symmetric
optical tweezer potentials we are considering, this
master  10 equation has a steady-state solution such
that: p(x,t+3T) = p(x,t) (19)  [0055] The mean
velocity of this steady-state then is given by: 



v = - f p(x) aV3 (x) + aP(x) dx (20)  ax ax [0056]
FIG. 7 shows numerical solutions of this system of
equations for 13V0 = 10 and two  15 representative
values of 6/L. For very small values of the cycle time
T, particles are unable  to keep up with the rapidly
evolving potential energy landscape, and so diffuse
randomly;  the mean velocity consequently vanishes in
this limit. If traps in consecutive patterns  overlap
(a = 0.15 L shown in FIG. 7) particles pass
deterministically from trap to trap,  yielding a
uniformly positive drift velocity. This transfer
reaches it maximum efficiency for 20 moderate cycle
times T, and does not improve for longer dwell times.
Consequently, the  drift velocity falls off as 1/T in
the long-time limit. [0057] More widely separate traps
(a = 0.10 L, in FIG. 7) yield another behavior. Here,
particles are able to keep up with the forward-going
wave for sufficiently large values of T.  Faster
cycling, however, leads to flux reversal,
characterized by negative values of v. This 25
numerical result demonstrates the principle by which
arrays of optical tweezers can be used  to implement a
fully symmetric thermal ratchet with flux reversal. 14
WO 2004/104551 PCT/US2004/015327  [0058] As shown in
FIG. 7, crossover occurs from deterministic optical
peristalsis at a _  015 L to thermal ratchet behavior
with flux reversal at a = 0.10 L for a three-state
cycle of  Gaussian well potentials at 13V0 = 10.
[0059] To this point, flux reversal has been described
as resulting from variation in the  5 cycle time, T.
The same effect can arise for different populations in
a heterogeneous sample  whose differing diffusion
coefficients yield different values of ti. These
different  populations might be induced to move
simultaneously in opposite directions provided that T
is selected to drive one population forward and the
other backward. In this way, the  described optical
thermal ratchet is useful for separating and purifying
small fluid-borne  10 objects. [0060] A preferred
optical approach to implementing a reversible thermal
ratchet has  advantages over other ratchet-based
separation schemes. For example, thermal ratchets
based on interdigitated electrode arrays have been
applied to sorting DNA fragments.  These, however,
require sophisticated microfabrication, whereas the
optical ratchet can be 15 implemented inexpensively
and readily integrated into microfluidic devices for
lab-on-a- 



chip applications. An optical ratchet based on a
single time-shared scanned optical tweezer  previously
has been demonstrated to induce flux reversal. This
approach relies on creating  a spatially asymmetric
potential energy landscape in a time-averaged sense,
and thus the  system operates on a different principle
from the process described above. In the preferred 20
system described herein, each optical trap in each
pattern provides a spatially symmetric  potential
energy well; and the patterns themselves are spatially
symmetric. Unidirectional  transport is driven by
breaking spatiotemporal symmetry through a sequence of
at least  three patterns in each cycle. [0061] One of
the previously proposed symmetric thermal ratchet
examples also involves a  25 sequences of three
states. This approach relied on particles being
allowed to diffuse only in  one state, however, with
the other two acting as a deterministic ratchet and
thereby biasing  the diffusion. The process described
in this document involves both diffusion and
localization in all three states, and therefore offers
more selectivity and more rapid sorting  of
heterogeneous samples. 30 [0062] While preferred
embodiments have been illustrated and described, it
should be  understood that changes and modifications
can be made therein in accordance with one of  15 WO
2004/104551 PCT/US2004/015327  ordinary skill in the
art without departing from the invention in its
broader aspects. Various  features of the invention
are defined in the following claims. 16 WO 2004/104551
PCP/US2004/015327  We claim: 1. An apparatus for
sorting populations of small objects, comprising:  a
first channel and a second channel; a force source for
driving the population of small objects through the
channels; 5 a plurality of manifolds located at a
convergence of the first channel and the second
channel and comprising beams of laser light for
forming a plurality of optical traps;  the optical
traps being organized into a plurality of patterns
wherein the patterns are  arranged such that the
manifolds of one pattern are separated by the
manifolds of the  remaining patterns; and 10 the
optical traps being oriented at an angle with respect
to the driving force and arranged  



such that each pattern of optical traps is separated
by the others; wherein the population of small objects
are sorted into at least one desired fraction and  an
undesired fraction. 2. The apparatus of claim 1,
wherein the population of small objects is dispersed
in a fluid  15 medium disposed in the first channel
and wherein a buffer is disposed in the second
channel. 3, The apparatus of claim 1, wherein the
channels comprise an H -junction. 4. The apparatus of
claim 1, wherein the optical traps are created by
holographic optical  means. 20 5. The apparatus of
claim 1, wherein the undesired fraction is more
diffusive or motile than  the desired fraction. 6. The
apparatus of claim 1, wherein the desired fraction is
more diffusive or motile than  the undesired fraction.
7. The apparatus of claim 1, wherein the separation
between the manifolds in the direction  25 of the
driving force is substantially larger than the
individual traps widths. 8. The apparatus of claim 7,
wherein the optical traps are adapted to move forward
only a  portion of the population of small particles
as the patterns are sequentially energized.  9. The
apparatus of claim 7, wherein the patterns are adapted
to allow the population of small particles trapped in
one pattern to diffuse when another pattern is
energized. it  17 




