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Lateral Separation of Macromolecules and Polyelectrolytes
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A new approach to separation of a variety of microscopic and mesoscopic objects in dilute solution
is presented. The approach takes advantage of unique properties of a specially designed separation
device (sieve), which can be built using already developed microlithographic techniques. Because of
the broken reflection symmetry in its design, tfieection of motion of an object in the sieve varies as
a function of its self-diffusion constant, causing separation transverse to its direction of motion. This
gives the device some significant and unique advantages over existing fractionation methods based on
centrifugation and electrophoresis. [S0031-9007(98)05340-X]

PACS numbers: 87.15.—v, 07.10.—h, 36.20.Ey, 82.45.+z

Separation of macromolecules such as proteins antion varies as a function of size, causing objects of differ-
DNA, as well as mesoscopic objects such as cells andnt sizes to move along different directions. As a result,
latex spheres, according to size has many importarthis sieve causes lateral separation as in free flow elec-
technological applications, and an immense effort hasrophoresis [4] without the complications involved in cre-
gone into achieving efficient, well-controlled and high- ating a uniform transverse laminar flow field. The sieve is
resolution separation techniques [1-3]. Two of thereusable, and the approach enables continuous operation
main avenues that have been employed extensively agince the paths are separated spatially rather than tem-
electrophoresis [2] and centrifugation [3]. These twoporally, making retrieval of separated products extremely
methods are somewhat complementary since the formerasy. These properties potentially provide a significant
typically separates by charge density and the latter badvantage over traditional methods as an analytical tool
mass density. In particular, virtually all electrophoreticfor separation of macromolecules.
techniques rely on an electrophoretic mobility, that The geometry of the sieve is shown in Fig. 1. It con-
changes as a function of molecular weigi,, or some sists of a rectangular array of “cells” of periodicity X yg
other characteristic for which separation is desired, sincéhat have a narrow entrance at the top and two exits at
the separation occurs along the same direction as thbe bottom, which connect to the next row of cells. DNA
average motion. An initially polydisperse band separatefragments, characterized by a Kuhn lengtk= 120 nm,
into many bands containing objects of different sizes agnd a contour length = Nb, enter from the top and move
they travel at different velocities(M,,) = u.(M,)E  down the cell subject to an electric fiekl = Ee,. The
along the direction of the applied fielll. A major radius of gyratiorR, and the self-diffusion constamt; of
obstacle to the electrophoretic separation of large polya DNA fragment withNV Kuhn segments are given by
electrolytes with constant charge density such as nucleic )
acids is the independence of their electrophoretic mo- Rg = bN”, (1)
bility to their molecular weight in solution. To achieve
separation, the polyelectrolytes are typically placed Dg = DoN " “, 2)
in a gel medium, where steric interactions generat

a size-dependent.. Despite significant progress in re- is the diffusion constant for each Kuhn segment, ane

fined gel electrophoresis techniques, large objects such ??2 for the Zimm model [5], where hydrodynamic inter-
cells or subcellular structures are very difficult to separa:%) !

Svherev = 1/2 is the swelling exponen), = 8 um?/s

due to the limited range of achievable pore sizes, an ctions are taken into account [6]. For the Rouse model

issues such as sample loading and recovery are especi (free draining conditions)Dy is of the same order of
P 9 y P agnitude, butx = 1. The electrophoretic mobility of the

problematic for fragile specimens [2]. L : )

In this paper, a novel approach to separation, Whicﬁragments 's independent of size and given by [8]
embodies the advantages of both free flow electrophoresis _ A 3
[4] and gel electrophoresis, and is made possible by mi- He = l’ (3)

crolithographic techniques recently introduced by Volk-

muth and Austin [1], is presented. The general idea is tavhereA = 0.3e~ /A and/ = 375 = 9 X 1073 kg/ms
design a particular electrophoresis chamber (sieve) sudii] are the effective charge and friction coefficient per
that the electrophoretic mobility tensor is nondiagonallength of the DNA, respectively. (The Reynolds num-
i.e., the objects do not move along the direction of ap-ber is very small in all cases of interest, and inertial
plied electric fieldE. Furthermore, the direction of mo- effects can be ignored.) For a DNA in this situation,
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is a constant fitting parameter @f(1). A remarkable

1
NA N 1
N4 lE . % observation is tha¥, can be tuned simply by changing the
AN NN applied electric field, increasing the dynamic range of sepa-
\ maller 1 ’
N : =N ration dramatically. For a reasonable feature size,of
------------- (SN A 1 um,y, = 4 um, varying the electric field in the range
LARGER........ smaller ‘xj X E = 3-25 V/cm, will yield characteristic separation sizes

Ny = 70-1 for the Zimm model, corresponding to DNA

FIG. 1. The geometry of the sieve. Molecules enter the tOH‘ragments of approximatelg0000 and 300 base pairs,
of a cell from a narrow opening and diffuse away from the respectively

left wall as they are pulled down by the electric field. Smaller . . . .
molecules diffuse farther and are therefore more likely to end Corrections to Eq. (6) involve internal relaxation of the

up to the right of the branching point, located at a distancepolymer, full geometry of the cell, and diffusion along
y» from the entrance and, from the left wall. Therefore, the field direction, among other effects. For example, the

the branching probability;, and subsequently the macroscopic right wall can no longer be ignored foF < (2L y1/a —
MeLbXo

mobility of a molecule, depends on its size. ) E o
No(xp/x0)'/® = Ny/16 (for xo = 4 um), and the finite
_ - size of the fragment becomes significant whep =
Me =35 (um/s)/(V/cm). Note that hydrodynamic inter- ,. of equivalentlyN = (x,/b)!/* = 70 for the parame-

actions md_uced by_ Brownian motion are not Screenedo g guoted above. Relaxation effects will be important
by counterions, as is the case for electrophoretic veIochhen cell traversal timey,/(u E) is less than the
b e

fields [9,10]. Consider a fragment that enters a cell attime . . S .
1o and diffuses away from the left wall as it drifts down the pr'”g;ffa' rtlelaxgtlon time).325R7 /D [6] . le, forN >

cell. Ignoring its internal modes and characterizing its dy-(73s.252)'/* **) = 125 for the more stringent situation
namics simply by its electrophoretic mobilify, and self- ~ of E = 3 V/cm. Analytical computation of these effects
diffusion constanDg;, the probability of finding the DNA 1S beyond the scope of this paper, and in any case
a distancer away from the left wall at time when it has ot very fruitful, since a numerically determingg;(N)

drifted a distance (t) = w.E(t — to) from the top of the (Py simulating polymer dynamics with full boundary

cell is given by conditions, fluctuations, and internal relaxation modes)
completely characterizes the separational properties of

weEx woEx? the sieve. The presented analysis is sufficient to obtain

Pcom(x : y) = Doy “ Doy )’ (4)  order-of-magnitude estimates of performance, which can

be optimized by subsequent refinement based on such

which can be obtained from the solution to the diffusionSimulations.

equation with reflective (Dirichlet) boundary conditions on " order to demonstrate the feasibility of such an ap-
the left wall, and ignoring the effect of the right wall. A proach, numerical integration of the equations of motion

branching point is located at a distance from the left using the Rouse model for polymers [6,7] and reflecting
wall andy, from the top of the cell. Fragments that have boundary conditions at the walls has been performed, and

diffused farther from the left wall than the branching pointiS In reasonable agreement with analytical results. Fig-
are funneled to the entrance of the cell diagonal to th&/ré 2 shows how the probability density for the center-
original one, whereas those that are closer to the wall engf-mass (COM) position of a DNA fragment evolves as
up at the entrance to the cell immediately below. Thdt moves down the cell. After the initial internal relax-

probability of branching can be calculated from Eq. (4) astion time, the probability can be fitted to the form of
Eq. (5); the inset shows the expected linear increase in the

o mean square distan¢e®) from the left wall as a function
PB = [ dxPcom(x : yp) of distancey from the top of the cell. Figure 3 shows
N the branching probabilitypz(N) as a function of poly-
Exl mer size, and has the expected exponential behavior, even
MeLlXp . .
= exp(—F> . (5)  though the size of the polymers becomes quite large com-
GYb pared to the cell feature size. A correlation analysis of
the time series of branching events confirms that they are
statistically independent from one cell to the next.
V) = Ao~ (N/No* ©6) At this point, it is useful to point out that any sieve de-
Ps ’ sign that breaks the left-right symmetry can, in principle,
where be used for purposes of separation. The underlying idea is

For a DNA fragment ofvV segments,
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0.8 T ' with size N will spread laterally as it moves through

0.8 p——r——r———7 the sieve, and after passing throughrows, the density

® | profile of the band will exhibit a Bernoulli distribution

| whose peak is located &t (M) = xoMpg(N) and whose

o® . variance is o(N) = xgMpg(N)[1 — pp(N)] [15].

o* | Hence, the full width at half-maximum (FWHM)

° of the corresponding band will be FWHM) =

2 4 6 8 10 | 2x0y/2INQ2)pr(N)[1 — pa(N)]M. On the other hand,

distance from entrance () the peak separation between polymers of sizesand

N + 8N in a polydisperse sample will increase as

8Xp(N) = Mxo(8N)[dpg/dN]. Thus, resolution can be

improved indefinitely by passing the polymers through

more rows of cells. Optimal resolution is achieved when

N =< N, , for which M = (4N/8N)?* rows are needed

0 1 2 3 in order to resolve these two peaks. For a cell size of
distance from wall x (wm) about5 um, up to M = 10* rows should be feasible,

FIG. 2. Evolution of the density profile of DNA fragments enablln_g a resolution of abodt’. Note, howgver, that

with N = 24 Kuhn segments during the traversal of a cell. rfésolution can be further enhanced by gradient methods

After an initial relaxation period, the profile takes approxi- that are frequently implemented in gel electrophoresis

mately the form given by Eg. (5), and the mean square dis{16], in this case by a spatially varying electric field or

tance from the left wall increases linearly as a function of : ; ; A
the distance from the entrance, as demonstrated in the inse‘i.eII size. Fluctuations i,(N) from cell-to-cell due to

In this run, the primitive cell size of the rectangular lattice is imperfections in the mgnufacturmg of the sieve may fur-
Xo =5 umX yo = 10 um; y, = 8 um andx, = 0.64 um. ther reduce the resolution; however, these tend to average

out during the traversal of the sieve, and the additional

reminiscent of ratchet potentials [11], which have also beefariance due to thezse fluctuations will be smaller than the
recently proposed as particle separators [12,13]. Both th@trinsic variances=(N) by a factorps/ps. having a
ratchets and the sieve exploit differences in diffusion conn€gligible impact on resolution provided that the sieve
stants and steric constraints, and if thexis is identified Was built with reasonable tolerances. Even if there are
with time, the sieve can actually be thought of as the timeSignificant systematic nonuniformities of the electric field
history of a ratchet potential. However, unlike ratchets(due to the dielectric properties of obstacles, etc.), they
the sieve does not require time-dependent potentials and §ll not affect the resolution as long as the externally
able to operate in a continuous mode. applied field is uniform, since the induced fields will be

Although this method of separation sounds veryth® same in each cell and will simply cause an overall
promising in principle, it is important to assess perfor_Shlft in the branching p'robgbllltles. Another situation that
mance parameters and feasibility before a decision can HBay affect the resolution is the dependence of the DNA
made about its practicality and whether it can competdarameters on the specific base sequence. As long as the
against established techniques for certain tasks. OrigdSe sequences can be treated as random, the effect should
of the most important issues is the resolution that caf® Small compared to the intrinsic resolution, since there

be achieved [14]. A monodisperse packet of polymergir® about 300 base pairs in each Kuhn segment, which
would cause a variation of less thafb, reducing further

0.8 . . . with the number of segments @ '/2. Nevertheless,

0.6

0.0

07 | this effect might be important in situations where highly
) regular base pair sequences are involved. However, the
06 ) impact on resolution in these cases can easily be assessed
05} 1 and taken into consideration, if necessary.
£ 04l ] Another major concern is the throughput, which is af-
< fected by various factors, including cross-sectional area,
03 concentration and velocity of the polymers, and ease of
02} 1 specimen loading and extraction. Original electrolitho-
0.1} | graphic designs proposed and tested by Austin and co-
0.0 . . ] workers were extremely shallow [1,17]. The sieve should
70 20 40 60 80 be built as deep as possible to increase throughput. A
N stacked configuration might be considered if the mechani-

FIG. 3. Branching probability as a function of the number of @l Stability of posts becomes a concern. A major bottle-
segmentsV, for the cell parameters given in Fig. 2. The line neck is the entrance to the sieve, since all polymers shpuld
is a fit to the exponential form (6) withk = 1 andN, = 50. start from the same point, rather than a band, to achieve
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separation. This will cause much higher concentration®uke about ongoing independent work along very similar
near the entrance to the sieve. (Actually, an initial spreadines, which suggests that a prototype device based on
comparable to the expected FWHM of the bands at théhe principles presented here is well underway [18].
exit of the sieve will increase throughput without severelyl am grateful to him for informing me about their
impacting the resolution.) Although a dilute solution work, which provides an independent confirmation of
is assumed in the calculation presented here, separatithe accuracy and feasibility of these ideas. A. Ajdari
is not limited to the dilute regime and should occur inhelped clarify certain issues related to electrophoresis
semidilute solutions as well, although the separation curvef polyelectrolytes. This research was supported by the
pg(N) is more difficult to compute. It can be determined National Science Foundation, by the MRSEC program
without much difficulty by numerical simulation or exper- through Grant No. DMR-9400396, and through Grants
iments. The easy and quick extraction of the separateMo. DMR-9106237, No. DMR-9417047, and No. DMR-
specimens enables continuous operation, in which poly9416910.

mers are constantly added at the entrance and extracted

from exit channels placed at the bottom of the sieve. As

a conservative estimate, let us consider DNA fragments

of 1 um in diameter(N = 20) moving at a velocity of i *Present address: Exxon Research and Engineering,
20 um/s. If the bottleneck at the entrance to the cell is Clinton Township, Route 22 East, Annandale, New Jersey

aboutl um and the cell depth i$0 um, and at the en- 08801. Electronic address: mdertas@erenj.com
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this technique may have major advantages over traditional edited by G.D. Birmie and D. Rickwood (Butterworth &
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to set up and automate, since no gel preparation or samples) g H. zimm, J. Chem. Phy4, 269 (1956).
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slices, with their entrances at the apex, can be arranged a] P.E. Rouse, J. Chem. Phy&l, 1272 (1953).

stacked pies. The polydisperse solution can then be fed8] D. Long, J.-L. Viovy, and Armand Ajdari, Phys. Rev. Lett.

through a tube along the rotation axis, and separated ob- 76 3858 (1996). .
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