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ac separation of particles by biased Brownian motion in a two-dimensional sieve
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We propose a technique for separation of particles based on a nonlinear coupling between an applied force
and the induced transverse drift in a two-dimensional system with broken reflection symmetry transverse to the
force. Further, if the system has reflection symmetry parallel to the force, the drift velocity is independent of
the sign of the force. Thus, an ac force causes a net drift only in the transverse direction, allowing for efficient
separation even in a very small system. In an appropriately constructed device, particles with diffusion coef-
ficients below and above a threshold move in opposite directions, allowing for continuous separation of
significant amounts of moleculesS1063-651X98)14612-3

PACS numbds): 87.15~v, 05.40:+j, 82.45+z

We propose a technique for separation of macromolecules Here we propose a new method that eliminates both con-
in microfabricated sieves. The technique is based on theerns, and makes the separation very effective and competi-
theory of “Brownian ratchets’[1-5], where nonequilibrium tive compared to other techniques. We design the system to
effects in systems possessing both broken time-reversal syrhave reflection symmetry in thedirection as shown in Fig.
metry (usually imposed by a dissipative environmeand 1. In a system like this an applied force in tedirection
broken spatial reflection symmetry cause the Brownian molnduces a drift in thex direction that is independent of the
tion of particles to be rectified. The possibility of separationSign of the force. Thus, applying a driving force in the
by this phenomenon has recently been demonstrated eXpe[:{l_rec.tlon with constant magnltulde_ but perlomcally alt(_arnat—
mentally with microelectrode devicd§] and optical traps "9 Sign produces a constant drift in tkelirection, but with
[7], and an approach for continuous separation of particle§1 zero net velocity in thy direction. A for.ce'm th?‘ dlr_ec-
has been discussé8]. tion, however, produces absolutely no drift in thdirection.

A recently introduced microlithographic techniqu] This allows us to conclude that the linear coupling coeffi-
makes it ogsible {0 Use “Browniang rar':chets” forq article cients are identically zero. Unlike the approach of Duke and
It poss . . i . P Austin[10] and Ertag11], the mobility tensor for our system
separation with quasi-two-dimensional sieves constructeps

L . . strictly diagonal, and the coupling between the applied
such that the mobility tensor is nondiagoridl0,11. The force an)éj indﬂced drift is clearly ﬁon?inear. PP

idea is to etch a two-dimensional array of micron sized ob- - £ hroper operation the frequency of the ac force should
stacles on a silicon chip, which is then sealed and filled uge small enough to let the particles pass several rows during
with a medium containing the particles. If the arrangement ot half-period, but large enough so that they advance only a
obstacles is asymmetric in both theandy direction, a con-  small distance compared to the system size inytizection.
stant electrophoretic force in they) direction can cause a With this technique the system size parallel to the driving
drift in the y(x) direction that is sensitive to the particles’ force is no longer a concern, and can be very small. The
electrophoretic mobility and diffusion coefficient. Particles resolution increases continuously wifthe square root of
can be separated lateralfransverse to the forgewith a  time.
good resolution compared to standard gel electrophoresis by
injecting them in a localized entrance region at one end of
the sieve and extracting them at the other end at locations
that depend on their electrophoretic mobility and diffusion
coefficient. For small applied force, the coupling between the
force and the induced transverse drift is linear, with coupling
coefficients that obey Onsager reciprocity relations.

The main advantages of this method of electrophoretic
separation are that the shape of the obstacles can be chosen
at will, the sieve can be reused after separation, and the par-
ticles can be sorted continuously, leading to separation that
can be easily automated. However, there are two major con- *
cerns regarding this technique. The first is the throughput. G 1. Schematic illustrations ¢8) system 1, andb) system 2.
Since the particles should start from the same point, rath@barticles are driven downwards by an external force and drift to the
than a band, they can be injected only at a very low rate. Th@ght in both systems while going through the holes of the rows of
second concern is the system size. To achieve a good resgpstacles. Since the probability densitindicated by the solid
lution thousands of rows of obstacles must be built, and incurves of the smaller particles gets broader than that of the larger
creasing the resolution, which is proportional to the squar@nes when they reach the next row, the smaller particles drift with
root of the system size, is very difficult. larger velocity in system 1 but with smaller velocity in system 2.
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There are two possible configurations for arranging iden- =
tical obstacles in a two-dimensional latti¢gupposing that T
each unit cell contains one obstacleompatible with the 08 % === ol Vi
desired symmetry. In the firésystem 1, shown in Fig. 1a), B\ 031012
neighboring rows of obstacles are shifted only in yhairec- 06
tion relative to each other. In the secofgystem 2 in Fig. g 04 ?-..
1(b)] neighboring rows are shifted also in tRelirection by S [
half a period. The deltoid shape of the obstacles also reflects 02|
the symmetry of the system. All parameters of the array are
defined in Fig. 1, except the size of the holes between neigh- of——
boring obstacles in the rows, which should be smaller than e r—.
aa, but larger than the particle@iNote that with holes that -0.2 . . . .

. : 0 0.5 1 1.5 2 2.5

are smaller than the effective radius of polymers such as A

DNA one can design a “steric ratchef’12] that can also be

used for separation. FIG. 2. The lateral velocity as a function of the dimensionless
To analyze the separation we determine the average trgarameteA in system 1(solid line), in system Zdashed ling and

jectory of a particle with diffusion coefficierd and electro- in a system composed of 90% system 1 and 10% oppositely di-

phoretic mobility.. Suppose that the electric field has mag-rected system 2dotted ling.

nitude E and points downward in Fig. 1. Then, after a

particle passes a holsee the left hole of the top row in Figs. HE

1(a) and 1b) it migrates down with an average velocity ve=agg, (2 P2 )=[1—erfdA)]vma- ®)

=uE, and concomittantly undergoes lateral diffusion. Ne-

glecting reflection from the surrounding obstacles that theThese velocities are plotted in Fig. 2 as a function of the

particle leaves and diffusion in the direction (which are  dimensionless parametér

good approximations for not too large) the probability There are two basic modes of separation. In the first, par-
distribution of the particle in the direction after advancing ticles are initially injected into the sieve at a band along the
a distancey=vt is left side of the chip, from where they will migrate to the right
due to the alternating driving force. Since the particles with
nE HEX? different diffusion coefficients migrate with different veloci-
e(xly)= 4wDyeXF{ - 4Dy)' (D) ties, they form different bands that move apart with time.

However, because of diffusion, the bands become broader,

When the particle reaches the line of the top corners of th&ut the width increases with only the square root of time, so
obstacles in the next row, it is trapped by the two surroundh€ resolution improves with time. A good measure of the
ing obstacles and continues through the hole between therffficiency of the separation is the resolution parame‘ter

If D is not too large(which should hold for proper separa- Which we define through the following equation:

tion), the particle is captured either by the trap below its B _

starting position(with probability P'*") or by the next trap [X(D.N)=x(D(1+R).N)|=4 7(D.N), C)
on the right(with probability P"9), but the probability of
being trapped elsewhere is negligibly small. Thus, we caign) that a particle with diffusion coefficiend advances

H left ight__ : H H
write that P't+ priaht=1_ All particles drift to the right, but after going throughN= wEt/(d+b) rows, anda(D,N) is

because the probability distribution of the larger particlesyg standard deviation. The meaning of this equation is that
(with smallerD) spreads out more slowlfas indicated by 1y kinds of particles with a relative diffusion coefficient

the Gaussian curves in Fig) their drift velocity is smaller  gitterence larger tham are considered to be separated from

wherex(D,N) denotes the average distar@e the x direc-

in system 1, but larger in system 2. each other, because the distance between the middle of their
Introducing the parameters bands is larger than twice the widtbr 4 times the standard
deviation of the bands. Thus small& means better resolu-
a ukE aa tion. For smallR (or largeN) it can be expressed as
UmaX:E d+_b and A= ———— (2
2 /2P 8 PF1-PD
= R=— —or——, W)
2 JN  |9P; A
oA

the probabilityP""9" in system 1 and the probability'®" in

system 2 can be expressed as wherei=1,2 and the index denotes either left or right.

Thus, the resolution parameter

piont= pleft— Larfg( A), 3
mexp(A?)
and the drift velocity in systems 1 and 2 are R=4\N A Verfg(A) erfo( —A) (8)
= right_ is identical for both systems 1 and 2. SiriRés proportional
V1= P = e A may “ to N~ 2 it decreases with the square root of time. A plot of
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A FIG. 5. lllustration of how large amounts of particles can be

sorted continuously by devicesA( B, and C) with different

FIG. 3. Th luti t Itipli N .
G. 3 e resolution parametét (multiplied by VN) as a thresholds Pg<D,<D¢) arranged in a tree topology.

function of A for both systems, and thus for all mixtures of these
two systems.

drift to the right. In this way, by decreasing the drift velocity
RNY2 is shown in Fig. 3 as a function of the dimensionlessfor all the particles simultaneously, one can make a longer
parametetA. Since this function has a broad minimumAat run and achieve better resolution in a system with the same
~1.1, the parameters of the system should be chosen in sugire. Note that for a fixed system one can also tune the

a way that the values foh for the particles fall around this threshold by changing the magnitude of the electric field or
value. Note that in the determination of the resolution weby applying a constant field in thedirection.

presumed identical electrophoretic 'mobilitiéwhich holds,' To describe the second mode of separation we first con-
e.g., for DNA molecule however, different electrophoretic sider the case when only two different kinds of particles
mobilities usually make the resolution even better. should be separated. By using a chip that contains a com-

The particles can be extracted from the sieve in two waysbined sieve with @y, that falls between the diffusion coef-
They can be collected at the right side of the chip, becausficients of the two kinds of particles, the system can be con-
different particles reach it at different times; or, in system 1 tinuously fed with a mixture of particles along a band near

by simply applying a big constant electric field in thedi-  the middle of the system and one kind continuously extracted
rection, different particles can be collected at different loca-along the left side of the chip and the other kind extracted
tions along the bottonfor top side of the chip. along the right side. For optimal separation the parameters of

To reduce the system size in thelirection we can do the the system should be chosen such that the magnitude of the
following trick. Let us embed some rows from system 2 intolateral velocity of each kind of particles, is the satbet of
system 1 in the opposite direction, as illustrated in Fig. 4.course their directions are opposijtand that the resolution
Since the relationship between the velocities in systems parameter foD,, is minimal. This latter automatically holds
and 2 isv,(D) =vpmax—v1(D), in @ combined sieve, where for y~0.1 (compare Figs. 2 and)3Since the two kinds of
the ratio of the number of rows from system 2jigand that  particles drift in opposite directions the system size inxhe
from system 1 is ) the drift velocity is v(D)=(1 direction can also be very small.
—y)v1(D) = yvo(D)=v1(D) = yvnax- This allows us to For the separation of more than two kinds of particles
shift thev (D) curve downwardsas shown in Fig. 2 foy  several sieves with different thresholds can be used simulta-
=0.1) without changing the resolution, but setting a threshneously, arranged, e.g., in a tree topology as depicted in Fig.
old diffusion coefficientDy, [defined byv(Dy,)=0] below 5. The first sievéA) would separate one-half of the particles
which all particles drift to the left and above which particles from the other half, then the next two sieveB @nd C)

would continue the separation on these two outputs, and so
(@ (b) on.
A major application of this new technique may be the
<><><> <><><> separation of biological macromolecules, such as DNA or
proteins. DNA molecules have an electrophoretic mobility

%%% %%% w~2.2 (um/s)/(Vicm), which is independent of sif&3].

This makes their separation in free solution impossible. Ac-
cording to the Zimm modd]14,15 the diffusion coefficient
"‘4 9&@6 of large DNA molecules is D=Dgy/\n, where
Do~8 um¥s andn is the number of Kuhn segments. The
length of a Kuhn segment is0.1 um and contains about
ﬁﬁﬁ ><><><: 30(§J base pairs. Thug optimal rescﬁution for DNA fragments
having 106-20 000 base pairs in a sieve with parameters

<><><> ><><>C =d=10 um anda=0.2 can be achieved by applying an
E~10 (Vi/cm) electric field. A stronger electric field is re-
FIG. 4. lllustration of how(oppositely directedrows of ob-  quired to separate smaller DNA fragments or protein mol-

stacles from system 2 can be embedded in system 1. ecules. Since the height of the obstacles cannot be much
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larger than 10um [9], the heat conductivity of the sieve is The magnitude of the transverse drift velocity induced by
very good and the field can be increased up to a few kV/cman external electric field in our system is essentially the same
as in capillary electrophoresi46,17. Moreover, a larger as that in the systems of Duke and Ausflt0] and Ertas
field results in larger drift velocity, allowing the molecules to [11]. We thus conclude that although the mobility tensor in
go through more rows, which makes the resolution better. their systems is indeed nondiagonal, the coupling in the ex-
Though the resolution of our technique is estimated to bgerimentally relevant range of driving forces is strongly non-
an order of magnitude lower than that with capillary electro-linear, and the mobility tensor is totally irrelevant.
phoresis[16,17], the throughput with the second mode of Because of the reflection symmetry in thedirection a
separatior(because the sieves can be fed continuously alongriving force in thex direction cannot generate drift in tlye
a band is much larger, which makes this technique verydirection in our system, which seems to contradict the On-
useful for preparative purposes. E.g., to separate two differsager reciprocity law. The resolution of this paradox is that
ent DNA fragments with about 1000 base pairs and withthe first nonvanishing term of the lateral velocityhen the
10% difference in their diffusion coefficient in a 1@m  force is applied in the direction is at least quadratic, and
high and 1 cm long(in the y direction sieve, the system therefore the Onsager coefficients are zero. Thus the symme-
should be fed with the solution at a rate0.1 ul/h. The try of the systemgin they direction makes the response to
separation of smaller molecules can be achieved with aa driving force asymmetric. To the best of our knowledge,
even larger throughput. In addition, the separation can beur model is the first to explore the possibility of clearly

easily automated because it can run continuously. non-Onsager coupling in a physical system.
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