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Collision of a Field-Driven Polymer with a Post: Electrophoresis in Microlithographic Arrays
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We study the collision of a DNA or other polyelectrolyte chain with a point obstacle in the presence
of an electric field via computer simulation. We find a very strong dependence of the average collision
time, (z.), and the average distance traveled during a collis{er), upon the impact parameteb,
Despite the complexities of the chain-post interactiop), and(z.) follow universal curves over a large
range of molecular weights and field strengths. This result provides analytic formulas for the chain’s
mobility in an array of posts and yields insight into the effect of post spacing.

PACS numbers: 87.15.—v, 05.60.+w, 36.20.Ey, 82.45.+z

Electrophoresis is one of the most widely used tech- The polyelectrolyte chain is modeled as follows. Each
niques for size-separating charged chains such as nghain has a degree of polymerizatidh monomer size:,
cleic acids or synthetic polyelectrolytes. The separatioran effective charge per unit length and is surrounded
is achieved by driving charged chains through a randonby fluid of viscosity . All lengths are measured in
array of obstacles with an electric field. Traditionally, terms of the monomer size. An electric field of strength
the obstacles are fibers of a gel; but, more recently, lithoE is applied in thez direction, and thex direction is
graphically etched arrays of silicon have been proposegerpendicular to the field. The polyelectrolyte is free
and demonstrated as a novel electrophoretic medium [ldraining and, in the absence of any obstacles, drifts
3]. This medium has several advantages over traditionadlong the field direction with a speedy = EA/nA,
gel media; one of these is that nearly any array geomewhere A is a numerical constant. As shown previously
try can be fabricated. This freedom allows one to desig8,11] there are two distinct regimes, strong and weak
an array geometry that provides a large variation of chairstretching, delineated bWZE, where £ = EA/kT is
mobility with chain length, and, hence, enhances size sefihe dimensionless field strength. Here we consider only
aration. The crucial question is: What array geometrythe high-field, strong-stretching regin¥eN > 1 , which
is optimal? The answer to this question requires a dedescribes usual experimental conditions. In this high-field
tailed knowledge of the interaction between a chain andegime, diffusion can be ignored and the motion of each
an obstacle. Fluorescence imaging of single DNA chainghain can be described by a deterministic model.
during electrophoretic migration through gels [4—-9] and a Figure 1 represents events of the chain-post interaction.
post array [1—3] demonstrates that this interaction is comA chain impacts a post with impact paramekerdefined
plex. The time and the downfield advance of the chairas the distance between the chain’s center of mass and the
during its interaction with the post affect the overall mo- post, measured perpendicular to the field. At short times,
bility of the chain. portions of the chain extend downfield on either side of

In this Letter, we present a computer simulation studythe post, forming a multiply hooked conformation. The
of the wide range of interactions experienced by a chaitime from initial impact to hooking is assumed to be=
and post, allowing for glancing as well as head-onz?/v,, wherez? is the chain’s center of mass, measured in
impacts. Apart from the application to electrophoresisthez direction from the post; as such the hooking does not
this is a fundamental problem in polymer science which issignificantly slow the chain. However, subsequent motion
analogous to the Rutherford scattering problem in atomiof the chain may be seriously frustrated as different
physics and has application to chains in any convectivarms of the chain compete for length and exchange
flow which impinge upon stationary obstacles [10]. Ourmonomers across the pivot obstacle. The monomer
simulations demonstrate that the average collision timegxchange between arms is found from a simple one-
(t.), and the average downfield distance advanced durindimensional equation of motion [8,11,12]:

a collision,(z.), can be scaled to fall on universal curves nA 9z(n) 0 [z

which are independent of the molecular weight and field T o _F sgriz(n)] + 5F<5>

strength. Furthermore, these quantities depend strongly

on the type of impact. These universal formulas are usedherez(n) is the position of the:th monomer, measured
to construct a general expression for the chain mobility irdownfield of the post and assigned negative or positive
an array of posts in the single post approximation. sign, depending upon whether the monomer belongs to
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FIG. 2. A plot of the logarithm of the scaled average impact
time, log,({z.)AE/nN), versus the scaled impact parameter,
b/{R,). Here(R,) is the average radius of gyration in the

direction perpendicular to the field. The average is taken
over a large number of chains with a prescribed degree of

FIG. 1. (A) A schematic of an electric field driven polyelec- polymerization N and dimensionless field in the ranges
trolyte prior to impact with a stationary post. The chain col-20 < N < 80 and 10 < E < 1000, where different symbols
lision may be glancing or head-on and is characterized by th&ave been used to indicate selé§t ). Chains which do not
impact parametery, defined as the distance between the postollide with the post, i.e., start with all their monomers on one
and chain’s center of mass at impact, measured perpendicul&ide of the post, are assigned zero collision times= 0, and

to the field direction. (B) A schematic of a chain multiply Zero center of mass displacement,= 0. A total of 3 X 10°
hooked upon the stationary obstacle with center of mass of thehains are sampled in this and following graphs. The data from
chain, measured from the post in the direction of the field, ~various (N, E) collapse onto a single universal curve which
The dynamics of unraveling of this hooked chain is modeled agppears exponential fdr/(R,) < 2, i.e., the collision time is a

arms which straddle the pivot and compete for arm growth invery strong function of the impact parameter. At lafgéhere
the field direction. is much scatter in the data as collisions are very rare.

an arm hooked to the left or to the right of the obstacledecays more rapidly than this simple exponential: For
The spring force connecting beads is given by the inversé > N /2 the collision probability is strictly zero so that
Langevin form F(y) = L*(y) [13]. In practice, the the average collision time at these extreme distances must
detailed form of the force law does not matter provided itbe zero. The functional forny,, is a complex convolution
is linear at small extensions and diverges at the monomdsetween the probability of a collision and the various
size. The equation of motion, integrated forward in timedynamical processes occurring during a collision. It is
until all monomers lie on one side of the post, providesnot, for example, a simple multiplication of the collision
the time of collisiont.. The chain’s center of massat probability and a constant time, since, as Fig. 3 shows,
is z¢. the collision probability has a very different form and is
The detailed dynamics of the chain interacting withvirtually constant within one radius of gyration.
the post is a complicated process [8,14]. However, we Figure 4 shows that the numerical data for the average
can postulate the existence of a characteristic timend  center of mass at releasg,), versus the impact param-
length w and demonstrate that these are consistent witleter, b, also falls on a universal curve. Here the rele-
results of our numerical model. The characteristic timevant length scale in the direction isN, as the chain is
is likely to be related to the unwinding time for a single strongly stretched. Thus all of the data can be plotted as
arm and should have the form~ yN/AE. Therelevant {(z.) = Ng(—b/N'/?). The functiong is not exponential,
length scale in the direction is the radius of gyration in but is linear for about two radii of gyration.
that direction orw ~ R, ~ N'/2. Indeed, as shown in Apart from the average collision time and distance,
Fig. 2, the numerical data from the equation of motionnonaveraged values are also of interest. Figure 5 plots the
for various molecular weights and field strengths follow ascaled center of mass distance traveled after impatt/,
universal form{z.) = nN/(AE)f(b/N'/?), wheref is a  versus the scaled collision time,/(nN/AE). Although
simple exponential provided is less than a fewR,. We  there is some scatter in the plot, the numerical data all
claim no special relevance for this exponential behaviorfall close to a simple universal curve, = Nh(t./7).
only that the function is well fitted by an exponential The function# is linear at small times, corresponding
for small values ofb. For large values ob the time to chains which barely interact with a post. For long
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tanceZ apart in thez direction andX apart in the per-
pendicular direction. The time taken for a chain to tra-
verse a row of posts is the time for collision plus the time
to drift to the next row: = t. + (Z — z.)/vy. The ra-
tio of the mobility of the chain with obstacleg,, to the
mobility in the absence of obstacleg,, is simply the
ratio of the chain velocities with and without obstacles:
uw/mo = Z/(Z + t.vg — z.). The process of chain im-
pact is stochastic, so that there is a distribution of times
and distances,. which we characterize with the probabil-
ity distribution P, defined such tha®, (z., z.)db dt. dz. is

the probability that a collision occurs with impact param-
" ' Lt eter betweerb andb + db, with collision time between

1 2 3 4 t. andt¢. + dt., and center of mass advancement between
Impact Parameter z. andz, + dz.. The average mobility is then given by

FIG. 3. A plot of the collision probability versus scaled <".j“> p .fdb dZ.C dte E.)b(tc’ZC)'u'. This expression can be

impact parameters /(R,). The data are the same as those inSiMPplified by invoking the universal relation between

Fig. 2, where the average is taken over sets of chains of giveAnd 7. demonstrated in Fig. &. = Nh(z./7). In addi-

N in dimensionless field strength. tion, our data [16] for giverb < +/N show that the stan-
dard deviation inz. is less than(z.), and, consequently,
we approximate the distribution of with a delta function
centered afr.). Further simplification can be made by ap-

collision times, the function: saturates at. This is  proximating the universal functions according to Figs. 2

indicative of dynamiCS of a Single hairpin Where, in theand 5: |gn0ring numerical prefactorﬁ(x) = exq—x)’

strong field limit, release occurs when all monomersy(x) = x for x <1/2, and h(x)=1/2 for x>1/2. In
have been exchanged to a single arm of length and  the limit N < Z, this expression reduces to

center of masg. ~ N/2. Such hairpins have been seen

experimentally via fluorescence microscopy of individual w =1 — BN?x71z71,

DNA molecules [4-7,15]. Mo

Although the universality of the numerical results is in- whereB is a numerical constant. The decrease in the mo-
teresting in itself, these relations are useful in deriving &ility ~N3/2X~'Z~! has a simple physical explanation.
general formula for the mobility of a chain in an array of

posts. Let the posts be arranged in rows separated dis-
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FIG. 5. A plot of the scaled center of mass advangcegN,
versus the collision timer,, for each of the3 X 10° simulated
&hains. (A) At long times, single hairpins form with a compet-
itive pair of arms [inset (a)]. In this frustrated conformation,
the final center of mass,, differs slightly among chains of dif-

Impact Parameter

FIG. 4. A plot of the scaled average distance moved by th
center of mass during a collisiodz.)/N, versus the scaled

impact parameteb/(R,). The data are the same as those in

Fig. 2 where the average is taken over sets of chains of giveffT€NtV and Z as indicated by the discrete levels. However,
N in dimensionless fieldE. The data from variousN, F) In the strong-stretching limitvEZ — <« the final displacement

collapse onto a single universal curve which is linear for nearlyzc approaches. (B) At shorter time?, the data show evidence
direct impacts. for doubly hooked hairpins with, =~ 7 [inset (b)].
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