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ABSTRACT: Brownian dynamics simulations are used to characterize the time scales involved in polymer
electrophoresis through narrow constrictions. The polymer is modeled as a freely jointecrdeathain with

a total charge distributed uniformly among the beads. The narrow constriction is a thin channel witthheight

Ry which separates two thicker channels, both of heflght Ry whereRy is the polymer radius of gyration. The
polymer is initially placed in a thick channel, and an applied electric field drives it into the next thick channel
through the intervening narrow constriction. We find that the electrophoresis of the polymer is characterized by
three time scales, each of which depends on the polymer chain léightm approach timer,,, describes the
motion of the polymer to the entrance of the thin channel. Upon reaching the entrance of the thin channel, the
polymer is entropically trapped, and its escape from the trap is associated with an activationdirAéer the
activation event, the motion of the polymer through the thin channel and into the next thick channel is characterized
by a crossing timezcoss We find that whereasap, and z. decrease withN, z¢0ss increases withN. As a
consequence, it is found that the transit velocity of the polymgrsis first increases wittN and then decreases
beyond a certain value ®. The position of the maximum ingansit iS sShown to depend on the applied electric

field strength, the relative values bf andh;, and whether the channel is two-dimensional or three-dimensional.
We discuss the relevance of this behavior to polymer electrophoresis in microfluidic channels exhibiting entropic
trapping effects and polymer translocation through nanopores.

1. Introduction from one thick channel to the next, through the intervening thin
The transport of a polymer molecule through a narrow channel, can be described by a transit time which can be used

constriction is associated with an energy barrier arising from 0 €xtract a transit velocity or a mobility for the DNA. Thus,
loss of configurational entropy inside the constriction. Such the transit time for a DNA molecule in this device is found to
processes are commonly observed in electrophoretic separationd€P€nd on the time for which it is trapped at the entrance of
of DNA in sieving media such as gels or microfluidic chan- the thin channel. Since the trapping time decreases Mjithe
nelsL2and in translocation of DNA or RNA through nanopores  transit velocity is found to increase with.
in nuclear and cellular membran&sTo move across the narrow In a pioneering experiment, Kasianowicz and co-workers
constriction, the polymer first has to surmount the energy barrier studied the motion of DNA driven through a nanopore by an
to enter the constriction, and then all of its segments must move externally applied electric field. The nanopore was an artificially
through the constriction and ultimately out of it. Both processes created protein channel with an internal diameter of about 2
can be characterized by time scales which generally depend onnm. They found that the time for which the channel is blocked
the polymer chain lengthy. A knowledge of the relevant time by the DNA increases with chain length. Since that time is the
scales and their dependence on chain length, and variables sucame as the time it takes for the DNA to move through the
as the geometry of the constriction and the strength of the hanopore, the transit time increases wihand the transit
applied electric field, can help in designing better separation Velocity decreases with.
techniques for biopolymers and also provide insight into the  The entropic trapping and nanopore experiments display
mechanisms of macromolecular transport in biological systems. opposite dependences of the transit velocityNyrindicating

Han and Craighe&d? studied the electrophoretic motion of  that the time scales which govern the transit velocity in each
DNA molecules in a microfluidic device which consisted of experiment represent different physical mechanisms of polymer
alternating thick and thin channels (Figure 1). The depth of the transport. The trapping time in the entropic trapping experiments
thick channels was comparable to the radius of gyrafgnof represents the time required to surmount an energy bauaie,
the DNA, whereas the depth of the thin channels was much the blockade time in the nanopore experiments corresponds to
smaller tharRy. The application of an electric field forces the the time required to ensure that all segments of the polymer
DNA to move into the thin channels, but loss of entropy inside have passed through the pdr.In both experiments, the
the thin channels presents an entropic barrier to its motion. The polymer first has to overcome an energy barrier at the entrance
DNA was found to remain trapped at the entrance of the thin of the constriction, and then all of its segments must move
channel for an amount of time which depends on chain length. through the constriction. However, the results of each experi-
A surprising and seemingly counterintuitive observation was ment suggest that only one of these processes is manifested in
that DNA mobility increased with chain length. The authors the nature of the observed transit times. This implies that under
explained this observation by arguing that the longer DNA the conditions used for these experiments the time scales
molecules are able to escape into the thin channel faster becauseorresponding to the two processes are so far separated from
they present more segments at the entrance of the thin channeleach other that only one of them determines the behavior of
and this facilitates the DNA escape. The motion of the DNA the transit velocity.
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Figure 1. A schematic of the model geometry used in the simulations. The length of the chigmiepresents the pitch length of the entropic
trapping device and is repeated alontp get a series of entropic traps separated by entropic barriers. The thick channels, with & hséghe

as entropic traps for the charged polymer chain. The thin channels, with a hgighe the narrow constrictions through which the polymer must
traverse in order to move from one entropic trap to another. The size of the polymer is sugh~Hay, buths < Ry so that the polymer faces an
entropic barrier at the entrance of the thin channel. The driving force for the polymer is an externally applied potential difféfgpcehe grid
size in the finite-difference calculations is denotedaby

There have been many previous studiegperimenta 15 Tapp (i) the trapping or the activation stage at the entrance of
analyticall®~28 and computational“>—on polymer electro-  the thin channelra, and finally (iii) the passage of the chain
phoresis through a narrow constriction. Two of these are through the thin channet¢ss ultimately leading to a complete
particularly relevant to the present paper. In an analytical study, partitioning of the chain in the next thick channel. Each time
Muthukuma#* considered the translocation of a polymer through scale depends oN, with 7ap, and 74 decreasing witiN and
a nanopore to be comprised of three stages, each with argess increasing withN. This gives rise to a nonmonotonic
characteristic time scale. All three time scales were found to dependence of the transit velocity dwy with a maximum
depend on pore length, and as a result, the total translocationoccurring at a chain length that represents a transition from a
time displayed a nonmonotonic dependence on the pore lengthregime where the transport is determinedzhyto one where
However, only one of the three time scales was found to dependit is determined byt.oss The interplay between these two time
on N. Although the dependence of translocation time on chain scales in determining the transit velocity behavior is explored
length was not discussed, the results suggest that the transloas a function of the applied electric field strength, the size ratio
cation time would increase witl. Cherf® has used Monte Carlo  of the thick and thin channels, and channel dimensionality (2D
simulations to study the driven translocation of a polymer vs 3D). In section 2, we present relevant theoretical background,
through a nanopore, where translocation was assumed to consisivhich is followed in section 3 by a description of the problem
of two steps. The first involves a chain end finding its way into setup, polymer model, and simulation method. Results are
the nanopore (activation), and the second involves the movementpresented and discussed in sections 4 and 5, with conclusions
of the chain through the nanopore (crossing). Although the chain given in section 6.
length dependence of these time scales was calculated for )
different applied potential gradients, their relative importance 2- Theoretical Background
and interaction were not studied. Hence, it is not immediately ~ Since the electrophoretic mobility of polyelectrolytes in free
clear how the transit velocity would behave as a function of solution is independent of chain lendif? size-based separation
chain length under conditions where the two time scatetated of DNA is carried out in a sieving matrix such as a‘géfor
to activation and crossingbecome comparable to each other. a microfluidic channet:*® The sieving medium is a network of
In general, one might expect that the transit velocity of the pores of sizet connected by narrow constrictions. When-
polymer would depend on an interplay between these different R;, the motion of a polymer molecule through the gel is
time scales. described by the entropic trapping mechanism, which was first

In the present study, we examine the electrophoresis of aproposed by Baumgartner and Muthukuffai® to explain
polymer chain through a narrow constriction using a model results from simulations of polymers in porous media. They
geometry similar to the entropic trapping device of Han and found that polymer chains tend to remain confined within the
Craighead (Figure 1). Brownian dynamics simulations are pores of the matrix since moving out of the pores is associated
performed to study the electrophoretic motion of a charged with a large entropic penalty. Results from later studies on
bead-rod chain as it moves from one thick channel of the device electrophoresis of polymers in porous media were found to be
to the next through the intervening thin channel. Most prior consistent with the idea of entropic trapp#g >3 In addition,
studies on polymer electrophoresis in similar geometries have experiments that investigated the chain length dependence of
shown that the transit velocity is determined by the trapping polymer mobilities in gets-4554verified that the motion of the
event at the entrance of the thin channel. We find that, in general,polymer molecules was governed by the entropic trapping effect
the transit velocity is governed by three characteristic time scalesin the regime wher®y ~ &.
associated with (i) the approach of the chain to the entrance of Microfluidics offers the unique advantage of being able to
the thin channel as it moves through the first thick channel, design a separation medium with controlled pore size distr&%v
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tion, which can then be used isolate certain dynamical effects occurred via either of the two chain ends. On the basis of their

(e.g., entropic trapping) for deeper investigatt®f® The
microfluidic device of Han and Craigheads an entropic

trapping device: the thick channels serve as entropic traps
whereas the thin channels provide an entropic barrier to the

motion of DNA from one trap to the other. The authors have
shown that the energy barrief\Fyap associated with the
trapping of DNA at the entrance of the thin channel is
independent oN and depends only on the electric field present
inside the thin channélThe probability of escape was assumed
to be proportional to exp{EksT), wherea is a constantts is

the electric field strength inside the thin channéh is

analysis, a general expression for the activation tipe would
look like

Tact—

7, EXPAF,{KgT) 2)
whereAF,is the free energy barrier (which depends only on
the magnitude of the applied potential gradient) ap@vhich
depends on the magnitude of the applied potential gradient and
N) is a prefactor characterizing the attempt frequency. It was
shown thaiAFaeynp (hairpin)= 2AF ¢end (end) because a looped
chain can be considered as two chains crossing end-first. The

Boltzmann’s constant, and is the temperature. The authors Prefactorryn, was shown to scale & because a chain offers
proposed that the faster escape rate for longer molecules aros&! Sites for hairpin formation, whiley engwas independent df

from an attempt frequency for barrier crossing which increased

since all linear chains have only two ends. The activation event

with chain length. The attempt frequency is higher for longer iS followed by a downhill crossing event, where the chain has
molecules because they have more segments facing the entrand® Slide over the barrier in order to lie completely on the stable
of the thin channel, and these attempt to reach a transition stateSide of the double well. The crossing timeioss associated with

by forming a “hernia” of a critical size inside the thin channel.
An expression for the amount of time the molecule spends
trapped at the entrance of the thin chanmgl,, was proposed:

Ttrap = TO exp(a/EskBT) (1)

wherery decreases withl to reflect the attempt frequency. From
eq 1, it is clear that a very high value &f would lead to a
quick escape without trapping while a very low value Ef
would lead to complete trapping of the DNA molecule. Finite
trapping times are observed for intermediate valuds;ofvhere
the correspondin@d\Fyap ~ KaT.

Tessier, Labrie, and Slaf8used a lattice-based Monte Carlo

this process was shown to increase linearly vbith

Sebastian and Paul argued that in the H@naighead device
activation by hairpin formation would be greatly favored over
end-activation abl becomes large. Thefucp Would determine
the trapping time for a polymer molecule, which is consistent
with the results of Han and Craigh&aghere the trapping time
was found to decrease witth They further claimed that in the
nanopore experiments of Kasianowicz et tle small diameter
of the pore permits the polymer chain to enter only by one of
its ends, which results in an activation event independeht of
In this case, the translocation time is determineddys which
increases linearly wittN and thus explains why the blockade
times in the nanopore experiments were found to increase with

method to simulate the transport of a charged polymer chain in N. Although Sebastian and Paul show how a specific time scale

a microchannel based on the Ha@raighead geometry. Results

can determine the transit velocity in a particular experiment,

were obtained which showed qualitative agreement with most they do not consider the case where more than one time scale

of the results from Han and Craighead’s experiments. Using
Monte Carlo simulations with a particle insertion technique,
Chen and EscobeébcalculatedAFy,, as a function ofN at
different values ofs in a geometry very similar to the Han
Craighead device. Their results confirm that, decreases with

N whenAFy,, ~ keT. Streek et af? used Brownian dynamics
simulations to study the electrophoresis of a charged bead
spring chain in the same geometry. They, too, found the mobility

could influence the transit velocity of the polymer. In our study,
we show how the interplay between the different time scales
associated with the transit of the polymer through a narrow
constriction leads to a nonmonotonic dependence of the transit
velocity on the chain length.

3. Description of Model and Simulations
3.1. Problem Setup and Polymer ModelFigure 1 shows a

to increase with chain length but showed that smaller molecules schematic of the model entropic trapping geometry used in this
are also slowed down in their approach to the entrance of the study. The length.; represents the pitch length of the model
thin channel. They proposed that this slowing down occurs due geometry, which is repeated in tkalirection to obtain a series

to diffusion of the smaller molecules to the corners of the thick

of entropic traps separated by entropic barriers. For the majority

channel and were able to associate a characteristic time scal®f the simulations, the channel is assumed to extend infinitely

with this process.
The translocation of biopolymers through nanopores not only

in the z-direction, but we have also considered 2D channels
where the polymer is confined to the-y plane. The heights

is relevant to understanding physiological phenomena but alsoof the thick and thin channels ahg and hs, respectively, and

inspires design of nanofluidic technologies which promise much

they are both assumed to be of equal lerigtB. An electrostatic

faster sequencing methods than current microfluidic-based potential drop ofAVapp is applied across the lengthy. The

processes. In addition to experimental studié8,a number of
analyticat®=28 and computation&t-42 studies have examined

the problem of driven polymer translocation through a nanopore.

Many of these are reviewed in ref 34; here, we focus on the
work of Sebastian and P&8lbecause of its relevance to the
present study. Sebastian and Pacarried out a detailed analysis

potential inside the channel(x,y), is calculated by solving
the 2D Laplace equation using a finite-difference scheme which
yields values ofV; on a grid of sizea. We assume that the
walls of the channel are insulating and that the solution obtained
is periodic in thex-direction. When the Brownian dynamics
simulations are carried out, the potential at arbitrary points inside

of the escape of a polymer molecule over a one-dimensional the channel is obtained by interpolating between those evaluated
energy barrier, a biased double-well potential. They consideredat the grid points. Biquadratic basis functions are used for

the motion of the polymer from the metastable well to the other

interpolation, which ensure continuity of the electric fiets,

side to be characterized by an activation event and a crossingcomputed inside the channel. Similar approaches have been used

event. The activation time was found to decrease Wiihthe
polymer reached the activation state in the form of a hairpin-
like loop but was found to be independent dfif activation

in other molecular simulatiori§:32 This way of calculating the
electric field assumes that the charged polymer does not have
any effect on the electric field inside the channel. CDV
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The polymer is modeled as a freely jointed beaod chain is either trapped at the entrance of the narrow constriction or
of N beads connected by — 1 rigid rods, where the length of  as it moves through the narrow constriction. The polymer is
each rod corresponds to a Kuhn step, denotebkbyhe total confined inside the channel by imposing Monte Carlo-like

charge along the backbone is distributed uniformly among all boundary conditions, where Brownian dynamics moves which
the beads by assigning each bead a chgrdpeit the beads are  result in any bead lying outside the channel are rejected. In such
not allowed to interact electrostatically with one another. We a case, the beads are assigned their original positions, and forces
also note that excluded-volume interactions are not included in are recalculated to give new positions which are again checked
the description of the polymer, which implies that we are for boundary violations.

simulating “phantom chains”. However, Kantor and Kafdar Polymer properties are calculated as averages over an
have shown in their study on forced polymer translocation that ensemble of 100 chains, which was found sufficient to obtain
excluded-volume effects could affect translocation dynamics. convergence in the properties we calculated. Initial configura-
Each bead in the chain represents a Brownian particle whosetions corresponding to a Gaussian distribution of the end-to-
motion is governed by an inertialess Langevin equation, which end distance are generated before starting the simulations. The
describes the balance of forces acting on the bead. This can b&enter-of-mass of each configuration is placed at the point (0,
rewritten as a stochastic differential equation describing the 10, 0) at the start of the simulation. The simulation is stopped
evolution of the position of thith beady;, with respecttotime,  when the entire chain exits the thin region, i.e., when the bead

t with the smallesk-coordinate finds itself out of the thin region.
The grid size used in the finite difference schemais
ﬂ _ FB + FT + FP+ FE ©) 0.2k, the pitch length of the channel is fixed laf = 80, and
dt chains of sizeN = 50, 100, 200, and 300 are considered. We

assume a dimensional value @k = 50 nm, which is
which is integrated to obtain new bead positions after every comparable to persistence length values observed for DNA (30
time step. Here; is a scalar drag coefficient associated with 60 nm)! The average scalar electric field strength, defined as
every beadF? is the random Brownian force exerted by the E,, = AVapdLe, is varied between dimensionless values of 0.056
solvent moleculest;] is the constraint force on beadiue to and 0.355. These valuesBf, correspond to dimensional values
the two rods connected to the bed!, is a pseudopotential ~ of 2—12.5 V/cm, which are smaller than those used in the-Han
force added to obtain the correct probability distribution for the Craighead experiments, where entropic trapping effects were
bead-rod chain, andF} is the external force acting on each observed for electric field values between 30 and 60 V/cm. The
bead due to the externally applied electric field. Details about differences in the experimental and simulation value€gf
the terms in eq 3 have been described by us elsewhere. Mmay be due to effects not included in the simulations such as
However, there are two comments worth mentioning here. First, excluded volume, electrostatic, and hydrodynamic interactions,
we have used Grassia and Hiné'miethod for calculating the uncertainty in the some of the parameter values used to calculate
pseudopotential forces, which enables us to carry out the Fi (we took a base-pair length of 0.34 nm and a base-pair
procedure irO(N) steps. Second, as have prior studfes2 we charge of unity withT = 300 K), and differences in the chain
have neglected hydrodynamic interactions (HI). In the case of lengths considered (the chains in the simulations are shorter
free-solution electrophoresis, HI are screened because the flowthan those in the experiments). The height of the thick channel
of counterions exactly cancels the hydrodynamic flow induced is fixed ath; = 20, and only the value dis is varied in order
by the motion of the polymer segments. It has been shown thatto study the effect of the relative size of the thick and thin
HI become important if tension builds up along the ctdin, channels. This value dfi is comparable tdz, for the chain
which could arise if the chain encounters an obstacle. In their lengths considered here and is equal tan in dimensional
Monte Carlo simulations, Tessier et3lpoint out that HI are units, while the pitch length ik; = 4 um in dimensional units.
most likely present in the actual scenario but not considering Both of these values compare well with values from Han and
them does not qualitatively change the basic trapping behavior.Craighead’s experiments.

In our simulations, all lengths are scaled by the Kuhn length,

bk, times by a relaxation tim&by?/ksT, and forces bygT/bk. 4. Results and Discussion: Description of Characteristic
The expression for the nondimensional external force is given Times
by We first present results for the case whégg = 0.071 and
hs = h/10 = 2. The particular value ohs = 2 was chosen
FE— qeE, ) because it corresponds to a dimensional value of 100 nm, which
" kgT/by is similar to the height of the thin channel in the experiments

of Han and Craighead. For a value Bf, = 0.071, polymer

whereq is the charge on each bead anid the electron charge. chains were found to be entropically trapped inside the thick

3.2. Simulation Algorithm and Parameters.Equation 3is ~ channel and displayed trapping times which decreasedNvith
integrated using the mid-step algorithm developed by GrassiaChoosing this value oEay also ensured that the simulations
and Hincht8 Details of the algorithm can be found in the papers could be carried out in a reasonable amount of time. In section
by Fixman®® Hinch 58 and Morsé®! This algorithm involves a 5, where we conduct a parametric study, we will use this case
truncation error which causes the link lengths to deviate from as a reference to make comparisons.
their prescribed value. To maintain their inextensibility, link We now describe the definitions we have usedd@p Tact
lengths are checked at the end of every time step. If a link is and z¢rossin our study. Parts-ac of Figure 2 each show two
found to deviate by more than 0.05%, it is regrown to the instants in time, the one on the left marking the onset of an
prescribed value while maintaining its orientation. As the chain event and the one on the right the completion of the event. The
moves through the channel, beads can be found to lie outsidesolid arrows indicate progress in time and represent time
the channel when the chain is in the vicinity of the channel intervals corresponding to the (a) approach, (b) activation, and
walls. Such a situation could arise, for example, when the chain (c) crossing events. Since net motion occurs inxte#rection, CDV
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Figure 2. Schematics which depict the three consecutive events
involved in the transit of the polymer through the narrow constriction:
(a) approach, (b) activation, and (c) crossing.

we use thex-coordinate of the bead which leads all other beads
in the chainxeaq and that of the bead which lags behind all
others, Xag, to define events. Thus, from Figure 2,
corresponds to the time it takes fmgaq to reach a value of
19.5 (in close proximity to the trap) starting from its initial
position where the center of mass is situated at (0, 10, 0).
According to Figure 2br,ccorresponds to the time it takes for
Xead t0 Mmove from a value of 19.5 tGleag = X, Where X;
corresponds to the location of the top of the activation energy
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Figure 3. Different time scales shown as functionsMfor the case

of Eay = 0.071, characterizing (a) approach, (b) activation (solid line)
and crossing (dashed line), and (c) total transit. Panel (d) shows the
transit velocity as a function df.

vransit (Figure 3d) does include this time slab since it is defined
as

_ Xeadf ™ Xead,i
Utransit — t

(6)

sim

whereXead,sandXeaq, are the values ofeaq at the end and the
beginning of the simulation, respectively, atg is the time
taken to move between these two valueggf, The error bars
in Figure 3 and in all other plots presented here represent the
standard deviation within the ensemble of chains considered.
With respect to size-based separation of polymers by electro-
phoresis, these error bars can be related to the resolution of
separation. If the error bars in time or velocity corresponding
to two different chain sizes show a considerable overlap, it
implies that the two size fractions move with similar speeds.
We now discuss each of these figures in detail.

Approach Time. We find thatrap,decreases nonlinearly with
N (Figure 3a), which indicates that shorter chains take more
time to travel to the entrance of the thin channel. Streek. &t al

barrier. As shown in the schematic, this activation is achieved have suggested that in the entropic trapping device smaller
by a small part of the chain finding its way into the thin channel. molecules are slowed down due to diffusion to areas in the thick
Following this event, the crossing event takes place (Figure 2c), channel where the strength of the electric field is weak. Since
andreossis defined as the time between the instants wheg entropic trapping is observed for weak electric fielddg=(~
= 60 and when the entire chain finds itself in the next thick keT), thermal diffusion can significantly affect transport in the
channel, corresponding igg = 60. Between the activation and ~ thick channel and can lead a chain into a region where the
crossing events defined above, a finite amount of time elapseselectric field is not strong enough to drive the chain to the
between the instants wheqa.g = Xc andX.eaq = 60. However, entrance of the thin channel. Streek et al. have shown that small
this time slab was found to be independent\o&ind will not chains can remain trapped in such regions over time scales
be considered here as a relevant time scale. This eventWhich are longer than the trapping time scales. They also found
corresponds to a train of beads moving over a distance of 60  that the probability of such a trapping event taking place
%, which would be independent dffor chains longer than the ~ decreases with both chain length and the strength of the applied
length of the thin channeN > 40). electric field. Our results for approach times are in line with
. . . these observations. A shorteg, for a longer chain could also

_In Figure 3a-d, we show hO_W the dlfferent tlme_scales result from its larger sizeRy) because parts of a longer chain
dlscusged aboye a_nd the transit velocity of the Chﬂ_*a‘sm may lie simultaneously in areas of weak and strong electric field.
vary with N. While Figure 3a,b showspp Tacs andreress Figure

o . Thus, parts of the chain which lie in areas of strong electric
3c plots the total transit timeansi; required for the polymer field are driven toward the entrance of the thin channel, which
to completely move out of the thin channel. Hergansit is

X ) results in the entire chain moving there. Another consequence
defined as a sum of the other three times: of a larger size arises from the initial condition, where all chains
start with their centers-of-mass at (0, 10, 0), so a larger chain
is closer to the entrance of the thin channel to start with when
compared to a smaller chain.

Thus, the definition ofyansitdoes not include thi-independent Activation Time. To calculater,e, we first need to know
time slab discussed at the end of the last paragraph but haghe critical distancex, inside the thin channel which the chain
contributions only fromN-dependent time scales. However, needs to penetrate in order to reach the transition state. T%?Bi\e/r

Tiransit — Tapp+ Tact + Teross (5)
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et al30 calculatedx; by plotting the distribution ofkeaq as a
function of distance along the channel and then fitting the
portion inside the thin channel to a functip(Xead = po exp-
(—XieadXc), Where the decay lengty corresponds to the critical
distance. Following their example, we calculatefbr different
values ofN and foundx; to depend only orky,. With this
information, we then calculated activation times for different
chain lengths (Figure 3b). We found that; decreases with,
consistent with the experimental observations of Han and
Craighea8land the results from previous simulation studits?
From their analysis, Sebastian and Patad shown that if
escape over the energy barrier occurred by the formation of a
hairpin-like loop, then the rate of escape over the barrier would
increase withN. This would happen because the probability of
forming such a loop increases wily and in such a casesc
would decrease withl. Since we observe a decrease4gqwith

Macromolecules, Vol. 39, No. 3, 2006
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N, our results suggest that escape into the thin channel takeg-igure 4. Crossover oOfa (solid lines) andrcross(dashed lines) shown

place in this way. Han and Craighead have argued that longer
chains escape faster because they have more segments facing

the entrance of the thin chanr¥eThis idea is equivalent to the
idea of Sebastian and Paul since a larger number of segment
facing the channel entrance implies that there are more segment
present which can form a loop. However, it is not immediately
clear whether a loop would form in the-y plane or they—z
plane; the spreading of the chain along thdirection could
influence the dependence af:on N. We discuss this issue in
section 5.

Crossing Time. Unlike tappandtacy TerossiS found to increase
with N (Figure 3b). Since crossing is defined as the trans of
segments of the chain through the thin channel, we expges
to increase withN. Upon fitting the crossing time data to a power
law, we find thatreoss~ N, which is consistent with Sebastian
and Paul's analysis. Our results are also in line with the
experimental results of Kasianowicz et%&Where the blockade
times were found to increase linearly with

Transit Time and Transit Velocity. From Figure 3c, we
find thattyansidepends nonmonotonically & It first decreases
with N, reaches a minimum aroumdi= 200, and then increases
with N. As a consequenceyansitfirst increases withN, reaches
a maximum, and then drops with further increas&i(Figure
3d). It is immediately apparent from Figure 3c,d that the values
of N at which the corresponding minimum and maximum occur
for tyanstandugansiiare the same. This also supports the argument

at different values ok, (a) Eay = 0.056, (b)Eay = 0.071, (C)Eay =
0,142, and (d)E., = 0.355.

determined by the crossing event. Such a transition between

these two processes demonstrates that there could exist condi-
Yions in polymer electrophoresis through narrow constrictions

under which more than one physical mechanism could determine
the behavior of the transit velocity. A nonmonotonic dependence
of DNA electrophoretic mobility on chain length has also been
reported by Streek and co-work&sn a study where they
investigated DNA migration in a topologically structured
microchannel. However, in their study both the geometry of
the microchannel and the origin of the nonmonotonic behavior
are different from what is described here. They considered
microchannels which are characterized hy= 2hs and hg ~

Rg. In addition, the nonmonotonic behavior arises from the DNA
migrating between fast and slow moving states inside the
microchannel at high electric field strengths. In the following
section, we discuss ho#,, and the geometry of our model
entropic trapping device affect the nature of the transit velocity
and characteristic time curves.

5. Results and Discussion: Parametric Study

5.1. Effect of Field Strength.In Figure 4 we showe, and
TerossfOr four different values oE,,: (a) Eay = 0.056, (b)Eay
= 0.071, (c)Eay = 0.142, and (d)Esy = 0.355. Figure 4b
corresponds to the reference case considered in the previous

that the time slab between activation and crossing is independentsection. We find that both,. andzeossdecrease for all values

of chain length and can be safely ignored in the analysis.

This behavior ofuyansitis in contrast to what is observed in
the entropic trapping experiment whefgnsiiincreases witiN
(ref 5) or the nanopore translocation experiment wheggsit
decreases wittN (ref 9). The reason for the nonmonotonic
dependence afyansiton N is that the three time scales not only
contribute numerically tayansitbut also determine the functional
dependence Ofiransiton N. From Figure 3b, we find that a
= 200, 7act andzerosshecome comparable to each other. Below
this crossover valu&act > Tcross @and vyansic increases with\.
Here, smaller chains are slowed down in comparison to longer

of N asE,, is increased, which is consistent with our expectation
that faster motion will occur in the presence of a stronger driving
force. On the basis of the analysis of Sebastian and Paue,
can write the electric field dependencesrgf and 7 ossin the
following manner:

1 €
Tt~ ——EeXP—=—
“NVE, p(Eav)
N

CTOSSN f——
Eav

T,

(7)

ones, because of both their slower approach and their longer

activation times at the barrier. Above this value Nif 74t <

wheree is a constant. Then, a crossover between these two times

Teross @nd the crossing event dominates the transport of the chainoccurs whenraet = teross COrresponding to a crossover chain

in the model geometry. Moving into the second thick channel
becomes more difficult with increasingsince more segments

length, N¢;, which is proportional to exp(2E,,). This implies
that N, decreases ds,y increases, and the behavior observed

now have to move across the thin channel, leading to a decreasén Figure 4 reflects this argument. The crossover is observed at

in vypansitWith N. Therefore, the crossover value dfdenotes a
transition value below which the activation event determines
the motion of the chain and above which the motion is

N > 300 forE,, = 0.056, but a&,, increased\, falls to around
220 for E5y = 0.071, about 120 foE,, = 0.142, and close to
75 for the highest electric field strength studied hetg, = CDV
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Figure 5. The quantityuyansi Shown as a function ol at different Figure 6. The quantityr.. plotted as a function of B, on a semilog
values ofEa: (&) Eav = 0.056, (b)Eay = 0.071, (C)Eay = 0.142, and scale. The different series in the plot correspond to different values of
(d) Eay = 0.355. N: N =50 (O), N =100 (+), N = 200 (x), andN = 300 (»). The

dashed line is a fit to the data ftd = 50, and the solid lines serve as
0.355. In accordance with the results from the previous section, 9uides to the eye.
we find that for all four caseBl also corresponds to the value ) ) o .
5. For Ea, = 0.056 (Figure 5a), we find thatyansi increases  the semilog scale shown here, all four curves are nearly parallel

with N but seems to be approaching a maximum arokinel to each other, anthcis found to vary linearly with Hay. This
300 as is evident from the decreasing slope of the curve. Theimplies that the activation energy barrier éjepends onlfEgn
expected position of the maximum (8t> 300) agrees well ~ and thatza ~ expE/Ea). Tessier et at’ and Chen and

with the expected crossover value §fin Figure 4a. Similar ~ Escobed® have also reported this dependencezfon Eay in
agreement between the maximaviiansi (Figure 5b-d) and the their simulation studies. This implies that our simulation results
occurrences ol (Figure 4b-d) is also observed for all other ~ capture the electric field dependence mf; on E.y as was
values ofE,,. described by the simple scaling relationship proposed by Han
The shifting of Ne; to smaller values with increasingay and Craighead.
implies that the transition from an activation-dominated regime ~ We know from eq 7 thatcoss ~ N/4/E,,. Indeed, it was
to a crossing-dominated regime occurs much earlieEgs found that forrcros@ plotted as a function dN, all the data
increases. AE,, = 0.056,N., > 300, and one would expect corresponding to different values Bfy collapsed onto a single
N¢r to increase even more i,y falls below 0.056. This means  curve, which is consistent with the scaling result of eq 7. For
that at low enough values &, N could shift to much larger  the approach time dataspfEay Was plotted as a function o,
values ofN such thatr,.; > tcrossfor all relevant chain lengths  and in this case, too, all curves collapsed onto a single curve.
(hh ~ Ry). In such a situation, one would observe thgfnsi This suggests thatyyp is inversely proportional to the applied
increases witiN as bothrap, and 7o decrease withN. Since electric field strengthfay, which is consistent with the results
Teross < TactfOr all relevant values dfl, the crossing event would  of Streek et af?
not have any effect on behavior ofansie Such a picture helps 5.2. Effect of Height Ratio. To assess the effect of the ratio
us better understand the results from the entropic trapping hs/hy on chain transport, simulations were carried outHor=
experiment, where in the presence of low electric fietgs 2,4, 6, and 20, correspondingligh; = 0.1, 0.2, 0.3, and 1. In
appears to be the only relevant time scale. In the other extreme Figure 7, we have plotted thecomponent of the electric field,
if Eav increases to a higher value for whidl, shifts to very Ex as a function of distance along the channel for the different
small values oN, then one would expectansiito be dominated values ofhs considered here. As shown in the schematic of the
by the crossing event. For the caseegf = 0.355, we find that channel within the ploti, values are recorded along the plane
vransitdecreases withN for the most part, exceptin a very small y = hd2 (dotted line). We find that as; increases, the value of
region betweerN = 50 andN = 100 where the velocity is  Ex increases in the thick channels but decreases in the thin

nearly constant (Figure 5d). By examining the plotggfand channel. The horizontal line & = 0.071 corresponds to the
Teross We find thatNg, is very small, and there exists a large case where the channel is of uniform thicknlessvhich results
region whereross™> Tact We can anticipate that &, increases, in an electric field that is one-dimensional and uniform

the height of the entropic barrier falls down and causes activation everywhere.

to become an insignificant part of the process. This would lead In Figure 8, we plot the characteristic times far= 2 and

to a situation wherecss > tact for all chain lengths, and as a  hs= 6. From Figure 8a, we find that,,decreases for all values
consequence, longer chains would have a smaller transit velocityof N whenh;s is increased from 2 to 6. Since the valuekfin
than shorter chains. In fact, the mobility data for T2 (longer) the thick channel is higher fdi; = 6 (Figure 7), this leads to
and T7 (shorter) DNA from Han and Craighead’s experinfents a decrease inapp When hs is increased. We find thatac
show that abov&,, = 60 V/cm, T7 DNA has a higher mobility ~ decreases for all values df whenh; is increased from 2 to 6
than T2 DNA. In the experiments, this value of the field also (Figure 8b). When the height of the thin channel is increased,

corresponds to the end of the entropic trapping regime. a polymer chain which attempts to enter this region pays a
We now discuss the electric field dependencergf zacs smaller entropic penalty because it has more room to move
andteross IN Figure 6,74 is plotted as a function of E,y, for about. This reduces the activation energy barrier at the entrance

different values olN. The curves show that at a givé,, Tact of the thin channel, leading to a decreasedn The values of

Cbv
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Figure 7. The x-component of the electric field inside the channel,

Ex, measured along the plaiye= hd2, and plotted as a function of

distance along the length of the channel for different valuds,aind

a fixed value ofhy = 20. The average value of the electric field in all
cases i€, = 0.071.
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Figure 8. (a) Approach timezap, plotted as a function ol and (b)
crossover ofra (solid line) andreoss(dashed line), shown for the two
cases ohs = 2 andhs = 6.

Teross@lso decrease for most valuesdfshs increases from 2
to 6. Itis only in a small region beloM ~ 75 where the values
of 7coss COrresponding tohs = 2 are smaller than those
corresponding tds = 6 (Figure 8b). An increase ihs also
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Figure 9. The quantityuyansi Shown as a function ol at different
values ofhs (a) hs = 2, (b) hs = 4, (c) hs = 6, and (d)hs = 20.

hs, it does not lead to an increase in eithgs or 7¢oss@S one
might expect from eq 7.

A decrease in the values of; and tcossleads to a shift in
Ncr to smaller values and also reduces the separation between
Tact aNd 7grossfor N < 200. The consequences are apparent in
Figure 9, wheresansitis plotted as a function dfl for (a) hs =
2, (b)hs =4, (c)hs = 6, and (d)hs = 20. Ashs increases from
2 to 20, vyansit iINcreases as a result of a decrease in all
characteristic times. Sincl, shifts to smaller values asg
increases, we expect the occurrence of the maximumgiRit
to shift to smaller values dfl;; on the basis of the results from
section 5.1 (Figures 4 and 5). In Figure-93 the shift in the
maximum to smaller values & is not immediately clear, and
the maximum value ofiansit SEEMS to remain at aroumd =
200. However, visual inspection suggests that the slope of the
Utransit CUTVeE near the maximum decreasedamcreases from
2 to 6. We also find that ds; increases, the difference ifansit
begins to diminish between chains of different lengths. In Figure
9c (hs = 6), we find thatvyansitdoes not change much for =
50, 100, and 200 and then decreased\fer 300. This behavior
is consistent with the reduced separation observed betwgen
andt¢ssfor hs = 6 (Figure 8b). Figure 9d corresponds to the
case where the channel has a uniform thickness and uniform
electric field strength. Although we do not observe any
systematic trends in the data for this case, we note that there is
a considerable overlap in the error bars corresponding to all
values ofN. In the case of free-solution electrophoresis, one
would obtain uniform velocities for all values & (ref 34).
Since Figure 9d corresponds to a channel with a finite thickness,
it is possible that interaction of the polymer chain with the
channel walls leads to slight differencesugunsicfor different
values ofN.

5.3. Effect of Dimensionality.We studied the effect of the
depth of the geometry in thedirection on the transport of the
chain by carrying out 2D simulations which confined the chain
to thex—y plane of the channel. Here, we compare results from
the 2D and 3D simulations for the case whégg = 0.071;h
= 20 andhs = 2 in both situations. In Figure 10a, we phgt;:
andzgossfor the two cases. Even in a 2D channglyis found
to decrease wittN. Han and Craighe&doroposed that faster
activation occurs for longer chains because they have more

implies that more beads of the chain can be present at a givenmonomers in contact with the interface of the thick and thin
x-position along the thin channel, which results in more channels. This idea suggests that longer chains have a higher
segments crossing into the next thick channel at the same timeprobability of nucleating loops which venture into the thin

and a decrease in the value mf,ssfor mostN. Even though

channel because of their greater size in yhez plane. This

the value ofE, in the thin channel decreases with increasing picture would not be valid for the case of a 2D channel W%be\/
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10007 T — T T T the 3D channel. In a 3D channel, more than one segment can
L ) e ] be present at the samecoordinate because the chain can spread
2250 in the z-direction. As a result, more than one segment can move
out of the narrow constriction at the same time, leading to faster
crossing rates in the 3D channel. (More than one bead can be
- present at the samecoordinate in the narrow constriction of
a 2D channel. But the likelihood of this happening is expected
to be smaller than in a 3D channel since the narrow constriction
is only two Kuhn steps wide.) Thus, a lowering @f: and an
- increase ingossfor the 2D channel shiftdl,, to smaller values
(Ner2p ~ 150 andNg3p &~ 220). Consequently, the maximum
iN vyansit 2lSO shifts to smaller values of for the 2D channel
(Figure 10b). In addition, the chain moves faster in the 2D
: channel. For smalleN, where transport is determined by the
activation event, and, is larger for the 3D channel, the
e o difference invyansitfor the two cases is large. As one moves to
largerN and transport begins to be determined by the crossing
283D T event, the difference inyansitfor the two cases becomes smaller
sincetcrossis smaller for the 3D case. One might then speculate
that for a situation dominated by the crossing event velocities
L ] may be higher in the 3D channel.
E - ] . _To test thi.s conjecture, we carried out simulations where the
' initial condition corresponds to a conformation where one end
L ] of the chain is placed at (19.9, 1, 0), which is a point very close
to the entrance of the thin channel. With this initial condition,

0.032

T
|

0.028 - 1 we expect that the probability of end-activation would be
enhanced, and most chains would enter the thin region end-
I 1 first. These simulations were carried out for both the 2D and
0oo26L—0o 11 L 3D channels foiEs, = 0.071. The results are summarized in
0 50 100 150 200 250 300 350

N Figure 11, where we note two important observations. First,
Figure 10. (a) Crossover ofrac (solid line) andzeross (dashed line) we find thatr_‘”‘. IS |nde_pendth oN for bo_th_ the 2D and _3D
and (b)uanstas a function ol for the two cases of a 2D channel and ~ channels. This is consistent with the prediction of Sebastian and
3D channel. Paul® that the end-activation rate for a polymer is independent

of chain length. The other observation is thatssis higher for

all chains (withRy ~ hy) would present almost the same number the 2D channel, which agrees with results from Figure 10.
of monomers at the entrance of the thin channel. In contrast Consequently, we find thatansitdecreases witN (Figure 11b)
with the 3D channel, where a loop can form such that it has a Since the chain length dependence of the polymer speed arises
projection in thex—z plane, a loop can form only in the-y only out of the crossing event and thaknsitis higher for the
plane in a 2D channel. Hence, a decreaseyrwith N for the 3D channel. This is in line with the speculation raised at the
2D channel implies that the probability of loop formation indeed €nd of the previous paragraph.
increases withN, as has been previously predicted by Sebastian  These observations may also provide some insight into the
and Paul® However, this does not mean that the lateral extent mechanism of polymer translocation through a nanopore. In that
of the chain in the 3D channel does not influence the trapping case, the size of the nanopore is so small that the polymer can
behavior. Tessier et &.have shown in their simulations that enter the pore only by one of its ends. Then, as predicted by
the chain adopts the shape of an ellipsoidal pancake at theSebastian and Paul,: should be independent &f and 7¢ross
entrance of the thin channel prior to reaching the transition state.should increase witlN, and as a resultansit Should decrease
The chain was shown to deform in thelirection, characterized  with N. Our simulations with end-activated transit for the cases
by an increase in thecomponent of the radius of gyration, of both the 2D and 3D channels seem to support this picture
and a greater deformation was observed for longer chains andand are consistent with the findings of Kasianowicz gtahere
at lower electric fields. They pointed out that a deformation in vransit Was found to decrease witN. However, if the size
the zdirection could influence the trapping behavior at low (diameter) of the nanopore is increased one may begin to
electric fields, when such processes could occur faster than theobserve both end-activated and hairpin-activated transit. More
activation time of the chain. A larger size of the chain in the recent experiments®S on translocation of double-stranded
zdirection could possibly lead to several escape loops forming DNA through nanopores larger{80 nm) than those used by
simultaneously, a scenario which would become less likely as Kasianowicz et at have demonstrated that the DNA can enter
one increaseka,. the nanopore either by forming a loop or in a linear fashion

From Figure 10a, we observe that activation times are larger using one of its ends.

in the 3D channel than in the 2D channel. The presence of an
additional dimension may allow the chain to spend time relaxing
in the z-direction upon reaching the entrance of the thin channel,  Using Brownian dynamics simulations, we have studied the
thereby prolonging the activation process. The effect of electrophoresis of a charged beadd chain through a narrow
dimensionality on the crossing times is the reverse of that for constriction which is a thin channel that separates two thick
the activation times. Althoughcessincreases withN for the channels. The transit of the polymer chain from one thick
2D channel, the values for amyare higher when compared to  channel of the device to the other can be characterized by 8169\(;

6. Conclusions
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800 ———T— , , — T T and Craighead’s experiments, where the crossing event would
700; (a) ] take place but its role is never manifested becaisgis always
=—=3D less tharr,e: We note that the transit velocity we calculate may

6001 | not be the same as the average transit velocity through an array
L 1 of narrow constrictions. If the average transit velocity also
500~ E exhibits a nonmonotonic dependenceMminder some condi-

1 tions, then some polymers with different lengths will move at

Cross

P% 400__ ] the same speed and separation will be compromised.
% 3001 1 | These ideas can also be used to explain some aspects of
L 1 polymer translocation through nanopores, where the activation
200 7 . mechanism is expected to be limited to end-activation due to

100' g{‘m 1 the small size of the pore and the finite persistence length of

i the DNA or RNA molecule. Since end-activation is independent
| . of N, vyansit Would now decrease witN since 7¢0ss depends
inversely onN. Our results for the case of an end-activated
transit seem to support this view for both 2D and 3D channels.
With these simulations, we have been able to establish a
connection between the two problems of polymer electrophoresis
in the entropic trapping device and polymer translocation
through nanopores. It has been pointed out previéBishat
both problems involve a polymer chain crossing a free energy
barrier. By analyzing our results, not only have we been able
to verify this picture but also we have identified specific
processes which determine polymer transport and which give
rise to differences in the chain length dependence of the transit
velocity for the two problems. Our work may also serve as a
starting point for further studies which include additional
physical phenomena (e.g., excluded volume, electrostatic, and
hydrodynamic interactions, polymewall attraction) and aim
to find conditions under which electrophoretic separations are
optimized.
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Figure 11. (a) Crossover ofra (solid line) andzeress (dashed line) .
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Teross @Nd T display opposite dependences with respedtlto
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