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A molecular simulation approach has been used to
investigate the mechanism of entropic trapping for
model linear DNA molecules as they go from a deep
channel to a shallow channel driven by an electric field.
In such a system, a molecule whose radius of gyration is
larger than the gap of the shallow channel will tend to get
temporarily trapped at its entrance. The free energy of the
molecules as a function of chain position and the
trapping times were obtained via Monte Carlo simu-
lations. In weak to moderate electrical fields, the free
energy barrier for escape AFp,,. increases with chain
length approaching a plateau value; in a strong electrical
field, AF .« exhibits a mild decreasing trend with chain
length. At weak electric fields, shorter chains escape
faster than longer chains because of their lower
associated AF,.x. At moderate and strong fields, longer
chains escape faster than shorter ones because, in the
absence of significant differences in AF,,, larger chains
access a larger entrance area to the narrow channel; these
results are in agreement with reported experimental
observations. Preliminary results on the effect of chain
branching on the escape rate are also presented.

Keywords: Entropic trapping; DNA partitioning; Molecular
simulation; Monte Carlo

INTRODUCTION

In recent years, the phenomenon of entropic
trapping has received increasing amounts of atten-
tion in both theoretical and experimental investi-
gations. Muthukumar and Baumgartner [1-3] have
shown that a long polymer chain can be trapped
entropically in an environment of randomly dis-
tributed pores of different sizes. In order to diffuse
between the entropy-favorable larger open areas,
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a chain molecule must squeeze through narrow
passages that reduce its entropy. As a result,
the dynamic process is slowed down significantly
and the diffusion coefficient D exhibits a strong
dependence on molecular size N. This effect is most
prominent when the average size of the pores (a) is
comparable to the radius of gyration (Rg) of the
polymer. Entropic trapping has also been observed
experimentally as a new dynamic regime in gel
electrophoresis [4]. Typically, the dynamics of
polymers in gel-like media is described by the
Rouse model (when R; <4, D~ 1/N) and the
reptation model (when Rg; >a, D~ 1/N?) [56].
However, the low-field diffusion coefficient was
found to scale as D ~ 1/N?*Y (y > 0) when R; = a,
a result that is unaccounted for by standard models.
The stronger dependence of D on N is a clear
indication of the existence of entropic trapping. It
appears that because pore sizes in the sieving gel are
heterogeneous, polyelectrolytes such as DNA
become entropically trapped in the larger pores.
The value of parameter y can be seen as a
semiquantitative measure of the strength of the
trapping effect, with y = 0 giving the reptation limit.

However, the random pore structure of polymer
gels makes it difficult to attain a detailed microscopic
understanding of the entropic trapping effect.
Recently, new artificial entropic trapping devices
have been constructed. For example, a microfabri-
cated channel was developed by Han et al. [7-9]
consisting of periodically alternating deep and
shallow regions which was used to separate the
components of a bidisperse solution of DNA
molecules via electrophoresis. The R, of the
molecules being separated is smaller than the depth
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of deep region, but it is larger than the depth of the
shallow region. The DNA molecules can thus
maintain their globular equilibrium shape in the
deep region, but they must adopt a deformed
“pancake”-like shape in the shallow region, at the
cost of entropy loss. As a DNA molecule travels from
the deep region to the thin region driven by an
electrical field, it will be temporarily trapped at the
entrance of the thin region before it can stretch its
monomers into the thin region and form a beachhead
for escape. This entropic trapping slows down the
chain, whose mobility becomes now dependent on
its length. Couterintuitively, for many of the
conditions studied, longer DNA molecules were
found to escape faster than shorter ones.

The well-controlled geometry used in the device
described above facilitates the analysis and modeling
of the entropic trapping effect. In an effort to
understand the underlying mechanism, a simple
kinetic model based on Transition State Theory (TST)
was proposed in reference [7]. For a DNA molecule
with some monomers already in the thin region, it
was assumed that: (1) the increase of free energy due
to the entropy loss is proportional to xT, where x is
the length of DNA section in the thin region and T'is
the temperature; (2) the decrease of free energy due
to the electrical field scales as x °E,, where E, is the
electrical field applied in the thin region. Therefore,
the total free energy difference is AF ~ xT — x2E;
(which has a maximum of AFp,.x ~ 1/E;) and the
trapping lifetime can be written as

7= 1) exp (AFmax/kpT) = 79 exp (a/EskpT) (1)

where 7 is the trapping lifetime, AF.« is the free
energy barrier between the (incipient) trapped state
and the transition state, kg is the Boltzmann constant,
7o is a prefactor (a characteristic time constant), and «
is a constant. The experimental data of trapping times
for different chain lengths and E, values were
consistent with a model wherein AF,,,, is independent
of chain length. It was argued that DNA molecules
overcome the barrier by stretching their monomers
into the constriction, and once a proper length of
beachhead is formed, the DNA molecule readily
escapes the trap regardless of the molecular length still
in the trap. The escape rate difference was explained
by the fact that the surface area of a DNA molecule
facing the slit is proportional to its coil diameter (i.e.
70 ~ N ~1/2 if the molecule satisfies Gaussian stat-
istics). Even though this simple model was shown to
be consistent with the experimental data, it is desirable
to test the validity of each of the underlying model
assumptions. Such assumptions are difficult to probe
directly by experimental means, since this would
require measuring the free energy landscape (that
contains the barrier) along the “escape” coordinate.
In this work, we employed molecular simulation,
which has been proven to be very useful in the study

of polymer chains under confinement environments,
to investigate the thermodynamics and kinetics of a
deep-shallow channel system. The simulation box
adopted is similar (but not identical) to the geometry
of the entropic trapping device used in experiment.
Linear DNA was modeled as a flexible chain
molecule consisting of a series of beads, where one
bead represents one Kuhn segment. The electrical
field inside the simulation box was calculated by
solving Poisson—Laplace equation. The free energy
as a function of chain position was obtained by the
configurational-bias chain insertion method [10,11].
We used MC simulations with one-bead moves to
generate sample trajectories of the molecular motion
through the device and thus estimate escape rates
(7 Y. It was found that AFp., is a function of N; for
weak to moderate electrical field, AF,., increases
with N, but AF.« becomes almost independent of N
for large N. The escape rate decreases with N at weak
E; when AFn. is the dominating factor, but it
increases with chain coil size over a certain range of
N at larger E; for which AFpax ~ kgT. A few results
are also presented for molecules with branched
structure to elucidate the effect of chain architecture
on escape rates.

SIMULATION DETAILS

The system adopted for most of our simulations can
be seen as a minimalistic, “generic” deep-shallow
channel device (Fig. 1b). Although it was set up to
capture some key features of the experimental
system of Han et al. [7-9], several important
simplifications and differences were introduced,
namely: (1) Our system is reminiscent of one
structure period of the experimental device but it is
non-periodic (deep region has no entrance and
shallow region is infinitely long), (2) the simulation
process starts when the chain is in the deep region
and the electric field is turned on (as opposed to a
steady-state operation), (3) the channel physical
dimensions are not identical to the experimental
ones, (4) the inner device wall are assumed to be
electrically neutral and (5) the interactions of DNA
segments with one another, the solvent medium, the
electric field, and the device walls are highly
simplified. Details about these simplifications are
given later in this section. Developing a more
realistic model that better mimics experimental
conditions is the object of ongoing efforts.

Linear DNA is coarse-grained as a flexible chain
molecule consisting of a series of beads of uniform
diameter o, where one bead represents one Kuhn
segment (for double-stranded DNA, one Kuhn
segment contains about 340 bp and is approximately
100 nm in length [12,13]). The bond length is fixed at
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o for free energy calculations, but is allowed to
fluctuate within the range [0 — 0.150, o+ 0.150]
for the escape rate simulations (described shortly).
The simulations reported here refer to chains
without excluded volume interactions (i.e. Gaussian
chains). The chain lengths in our simulation range
from N = 40 to N = 320 (radii of gyration in the bulk
Rg range from 2.6 to 7.4 o for Gaussian chains), which
approximately correspond to double-stranded
DNA molecules from 10 to 100 kbp. Typical DNA
molecules used in experiment contain 5-200kbp.
One Kuhn segment of DNA molecule is assumed to
carry —50e¢ charges [14].

A diagram of the non-periodic simulation box
is shown in Fig. 1b. The deep-region has a length
of 40 o (x-direction), and a “depth” of cl, =200
(z-direction) which is comparable to (but larger than)
twice the radius of gyration R, of the model chains
studied. The depth of the shallow region is Ds; = 3 o,
which is much smaller than 2R,. The box extends
infinitely in the y direction. Hard-wall repulsive
interactions are exerted when the center of a bead
approaches the boundaries of the box in the x and
z-directions. In all the free energy calculations
and in most of the escape simulations, no periodic

(a)

boundary conditions (PBC) are applied in the
x-direction; instead, a hard wall closes the entrance
to the deep region and the channel is extended
infinitely in the shallow region. Note that in the
experiments [7], the x-length of the shallow region is
usually much longer than the stretched chain coil;
therefore, a chain that partially penetrates the thin
region does not get near the entrance to the next deep
region. For comparison, a few escape simulations
were performed for a system with PBC in the
x-direction (Fig. 1a) and with a shallow-region length
of 40 0.

The electrical field in the simulation box is
obtained by numerically solving Poisson—-Laplace
equation

Pd 7P 0

ox2 ' 9z2
where ¢ is the electrical potential. Dirichlet bound-
ary conditions are applied at x = —0.5cl, (for the
entire plane in Fig. 1b but only for the thin-channel
opening in the case of PBC in the x-direction) and at
x=+0.5cly, where ¢ =0 and ¢, respectively.
Neumann boundary conditions (i.e. d¢/dx =0 or
d¢/dz =0) are applied at the other walls, under

(L
[ | e

DNA Motion

(b}

()

FIGURE 1 (a) Schematic diagram of experimental device used in Ref. [7]. (b) The simulation box without PBC in the x-direction.
(c) A cartoon of a DNA molecule at the entrance to the shallow region as seen along the x-direction. The system in (a) can be mimicked by a

simulation box with PBC in the x-direction.
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the assumption that they are electrically neutral.
Note, however, that in experiments the Si channels
are covered by a Pyrex coverslip which does become
charged when in contact with an electrolyte solution.
While this surface charge will affect the electrical
field inside the channel and sustain electroosmotic
flow, such effects have been argued to play a minor
role in the entropic trapping process [7] and have
thus been neglected here. The strength of the
electrical field is characterized by its value E; in
the thin channel and the value of ¢, is set to
0.5cly(Es + E;) under the assumption that the
electrical fields are uniform in the thin region (Ej)
and the deep region (E;). Apparently, E4 ZC%ES.
The electrical field at every point was obtained
numerically by a finite difference method, i.e. Ex =
—A¢/Ax, and E, = —A¢/Ay. Our results show that
except for field gradients near the box edges at the
entrance to the thin channel, the electrical fields are
indeed almost uniform and aligned parallel to the x
axis. However, our Monte Carlo simulations show
that the converging electrical field at the entrance of
the shallow region is very important for the escape of
trapped molecules (results not shown). The input
values of E; are varied to simulate different strengths
of the electrical field. In order to observe entropic
trapping effects, fields of intermediate strength
should be chosen in such a way that AFpmax ~ kgT.
The value of E; reported in this paper has been
reduced by kgT /ed, where ¢ is the electron charge.

Free Energy Calculations

The changes of the molecular free energy (F) along
the escape path describe the underlying thermo-
dynamic driving force for chain escaping. In
particular, the free energy barrier height AFn. of
such landscape is used by transition state theory to
quantify escape rates. In this work, the excess free
energy as a function of the chain position is obtained
by using the chain insertion method with configura-
tional-bias sampling [10,11]. The first bead is placed
with uniform probability along the x-direction. The
whole chain is then grown bead by bead in a
configurational-bias fashion. The Rosenbluth weight
for the insertion of the ith segment is

S exp [—Bu))]
w; = k

where k is the total number of trial positions,
B =1/kgT, and u(j) is the energy associated with the
jth trial position. Among these k trial positions, one is
chosen in a way that favors the largest Boltzmann
factor. We adjust the value of k to be large enough so
that almost every insertion attempt can be completed
(less than one failed out of a million attempts). The
excess free energy of the whole chain (with reference

to a free chain) is given by

N
BAF,- = —ln<Hwi>
i=1

where the average is over all completed attempts at a
certain position x*. The x* position provides the
“escape” coordinate to monitor the DNA journey
from the deep region to the narrow region.

x*

Escape Simulations

The existence of the free energy barrier along the
escape path implies that the molecule spends most of
its journey time at the narrow channel entrance
changing conformations and slowly stretching into
the narrow channel. In such a state, the molecule as a
whole experiences little overall translation and
relaxational dynamics becomes the dominant
mechanism for conformational changes. In these
simulations, molecular rearrangements were per-
formed via “dynamic” Monte Carlo moves, namely,
hop and flip moves. In a hop move, a bead
displacement is attempted in a random direction
and by a random distance. In a flip move, a bead
rotation is attempted by a random angle around the
line connecting the centers of the two neighbor
beads. A proposed move is accepted according to the
Metropolis criterion. This type of dynamic Monte
Carlo is known to be able to produce chain dynamics
according to the Rouse model [15] (e.g. diffusive
motion). Of course, the motion of a long polymer
chain in such a system can be more accurately
described by models that include hydrodynamic
interactions between beads, such as the Zimm model
[16], and hydrodynamic interactions between the
beads and the walls. Nonetheless, Rouse dynamics is
one of the dominant modes for chain relaxation
dynamics in the trapped state (perhaps the most
dominant) and thus constitutes a good starting point
for future investigations.

The trapping time 7 of DNA molecule is
“measured” in units of MC cycles. In every MC
cycle, each bead moves in average once (via hop
and flip moves). In simulations without PBC in the
x-direction, the initial configuration is generated
randomly in the deep region and relaxed for 5x 10°
cycles with the electrical field turned off. The
simulated escape process thus always begins from
a fully relaxed configuration. Note that this does not
corresponds to what happens in experimental
devices with short period length, where the DNA
molecule may not have enough time to relax in the
deep region before it reaches the entrance to the thin
region (such an arrested relaxation can have an
important effect on 7). 7is defined as the time elapsed
from the moment the electrical field is turned on
to the moment when the center of mass of the chain
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passes the x = 40 o plane. For any particular chain
length and electric field, between 50 and 100 escape
trajectories were generated to obtain good statistics
for the average 7. For simulations with PBC in the
x-direction, the simulation begins with the chain
randomly placed in the deep region, and then
follows the chain trajectory as it crosses the traps,
one after another through the periodic boundary.
The value of 7is averaged over a prescribed number
(50-100) of deep-narrow passages in one run.

SIMULATION RESULTS

(a) Free Energy Barrier

When part of the DNA molecule changes confor-
mation to stretch into the thin channel, the entropy
loss associated with this deformation leads to an
increase in free energy. At the same time, as DNA
monomers move along the direction of the electrical-
field force, the total energy is reduced which
decreases the free energy of the whole chain. At
appropriate conditions, the interplay between those
two competing effects will result in a maximum in
free energy F along the escape path, which can be
identified as the transition state for TST.

The free energy barrier for escape AFny.x can be
readily found if the values of excess free energy F
are plotted against chain position x* (i.e. the reaction
coordinate in TST), and the transition state is
identified. There are several possible choices for the
reaction coordinate, such as the number of sites in
the shallow region, the maximum penetration
distance into the shallow region, the center of
mass (COM) of the chain in the x-direction, and the
degree of penetration. The degree of penetration is
defined as Y"1, x;/N, where N, is the number of
beads in the thin channel, and x is the penetration
distance into the thin region. A good choice for the
reaction coordinate is one that has a clear physical
meaning and gives a distinct location of the
transition state. Our simulation results suggest that
the degree of penetration is the best choice among
all the choices mentioned above. Sample curves are
shown in Fig. 2, where the free energy at E; =
2.5x107* is plotted against both the COM position
and the degree of penetration. When plotted against
the COM position, the free energy increases as the
chain approaches the entrance to the thin region and
stays relatively flat until the COM of the chain is
well into the thin region. However, when plotted
against the degree of penetration, the free energy
curve exhibits one well-defined maximum, which
can be conveniently defined as the transition state
for our analysis. For the ensuing discussions then,
the degree of penetration is chosen as the escape
coordinate.

(a)

w
A0 [ N=40
——N=80
— N=160
-15 T T T
-10 -5 0 5 10
COM position
(b)
0 Ei Bl
1.29 T N4O
2 e A ——N8o
i ¥ 225 — N160
-4
IL -
-6 -
T 2.54
-8
-10 T T T T T —\— T T
0 2 4 6 8 10

degree of penetration

FIGURE 2 Free energy F at E; = 2.5 X 10™* as function of (a) the
center of mass position in the x-direction and (b) the degree of
penetration. F is in units of kgT.

As shown in Fig. 2(b), the free energy barrier AFax
increases with chain length, which can be explained
by the larger entropy loss that occurs when a larger
chain is confined into a narrow slit. It is well known
that the free energy increase of a Gaussian chain due
to confinement in a narrow slit grows linearly with N
[17]. Interestingly, the degree of penetration at the
transition state is almost the same for chains with
N =80 and 160, which suggests that more chain
segments inside the shallow region are required to
force a larger chain past the barrier. Figure 3
shows F as a function of the degree of penetration
at E;=3.75x10"* Compared to Fig. 2(b), it is
observed in Fig. 3 that: (1) AFmax decreases as the
electrical field is intensified; AFnax > kgT for Es =
2.5%107* (a weak electrical field), while AF. <
kgT for E; = 3.75x 10~ * (a moderate electrical field),
(2) the trend of increasing AFm.« with N is still
observed, but the difference between the longer
chains (N = 80 and 160) is negligible and (3) for the
same chain length, the degree of penetration at the
transition state (i.e. at the maximum in the curve)
decreases with increasing E;. The relation between
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-16 A
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degree of penetration

FIGURE 3 Free energy F as a function of the degree of
penetration at E; = 3.75x 10 *.

AFhax and N for different electrical fields can be seen
more clearly in Fig. 4(a). At weak and moderate field,
there is a steep increase in AFp,x as the chain length
increases from N = 40 to 80; however, from N = 80 to
320, AFmax increases at a steady but much slower rate
(<20%). Systems with E;=5.0x10"* and 7.5X
10~* appear to correspond to strong field scenarios
since AFmax approaches zero for all chain lengths.

(b) Escape Simulations

Figure 4(b) shows the trapping time ras a function of
chain length at different electrical fields. At weak
electrical field (E; =2.5x107%), 7 increases with
chain length, which correlates with the associated
increase in AFn.c [shown in Fig. 4(a)]. At strong
electrical field (e.g. Es =5.0x107* and 7.5x107%),
however, 7 decreases with chain length. At strong E;,
AFpmax is small for all chain lengths and the prefactor
70 in Eq. (1) becomes dominant; since longer chains
have larger access surface area to the thin channel
entrance (smaller 7)), they escape faster. As the chain
size approaches 240, the escape time curve levels off
and seems to reach a plateau. At moderate electrical
field (E; = 3.75 X 10™%), there is a maximum in 7 for
N = 80, resulting from the interplay between the free
energy factor [exp (AFmax/kgT)] and chain size factor
(70). From N = 40 to 80, there is a substantial increase
in AFnax [see Fig. 4(a)], which slows the escaping
process more than what the decrease in 7y can make
up for. For chains longer than N = 80, 7 decreases
with N, following a trend similar to that observed at
strong field. However, the differential trapping time
—d7/dN (i.e. the selectivity of the entropic trapping
device) increases as the electrical field is varied from
strong to moderate strength. Therefore, moderate
electrical fields (i.e. AFnax ~ kgT) are best for DNA
separation, which is consistent with experimental
observations [7]. In a moderate electric field,

(a).

3
2.5 1
—e— Es=2.5x10"-4
5 2 1 —m— Es=3.75x10"4
g —&—Es=5.0x10"4
'2 1.5 A
1 1 ./.h.—/,..——.
0.5 4
‘\_‘_\‘—\
0 T Tk —hk
0 100 200 300 400
N
(b).
1.0E+08 7
E —e— Es=2.5x10"-4
—m— Es=3.75x10"-4
—aA— Es=5.0x10"-4
% 1.0E+07 4 —¢— Es=7.5x10"-4
Q 3
S ]
>
)
[S]
g ./_.\.\._4
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1.0E+05 T T —
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FIGURE 4 (a) Escape free energy barrier AF = AFy,« and
(b) trapping time as a function of chain length at different
electrical fields.

DNA molecules still have good mobility
while the selectivity is much better than in a strong
field. Similar results were also observed for
chains with excluded volume interactions (results
not shown).

Since conformational changes of the chain mole-
cule at different stages of the escaping process
correlate with entropy loss, a detailed analysis of
such changes along the escape path may reveal
important information on the entropic trapping
mechanism. For this purpose, the mean-squared
radius of gyration R? and its components in the x, y
and z-directions [Ré(x), Ré(y) and Ré(z), respectively]
were calculated in the escape simulations for
different positions of the chain COM. The results
for a molecule with N =80 at E; = 3.75%x 107* are
shown in Fig. 5. As the DNA chain moves along the
escape path, Ry(y) remains essentially unchanged
while Ry(z) decreases from its unperturbed size to a
value < D;/2; the deformation in the x-direction is
the least trivial and appears to determine the overall
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c.o.m.

FIGURE 5 Mean-squared radius of gyration R and its three
components in the x, y and z-directions as a function of the center
of mass (COM) position for a model chain with N = 80 during
escape simulations at E; = 3.75 X 10~. Four chain conformations
at different positions are also schematlcally depicted, from left to
right: unperturbed, compressed, stretched and recoiled.

shape of the molecule [as seen in the shape similarity
between the R; and Ré(x) curves]. When the
molecule approaches the entrance to the thin region,
its movement along the x-direction is hindered by
the wall and the coil tends to be compressed by the
electrical force, leading to a decrease in Ré and Ré(x).
At that point, some of the monomers begin to
penetrate into the thin region via localized rearrange-
ments. Once some parts of the chain get inside the
thin region, they will be stretched in the x-direction
by the stronger local electrical field, and eventually
increase R?(x) and lead to the upturn in the curve.
The position where R; and R;(x) have minimum
values signals the transition state in the escape path.
After the chain passes the transition state, more and
more chain segments are pulled into the thin region
and are stretched in the x-direction, increasing RZ
and R%(x). This increasing trend continues until the
whole chain is in the thin region. At that point, the
chain begins to relax in a confined nearly two-
dimensional environment and recoils back in the
x-direction so that Rg(x) approaches R? (y) Note that
the constancy of R ) ~ R: 2/3 supports the idea that
in evaluating the relatlon between 75 and the
entrance “window” area [of dimensions
D, X 2R4(y)] accessible to a DNA molecule, one is
justified to use 7 oc R, ' oc N 71/2,

We also investigated the effect of branching on 7.
For this purpose, the escape times of 3-arm star
molecules with different molecular weight (N = 82,
160, 241 and 322, respectively) were simulated. The
results for E; =5.0x10"* are reported in Fig. 6
where 7 is plotted against R; data for linear chains
from N = 80 to 320 are also plotted for reference. The
escape time for star molecules decreases with N,
following a trend similar to that of linear chains. It is
observed that within simulation uncertainties, the
data points for star and linear molecules collapse

9.0E+05
X A linar chain
X 3-arm star
7.0E+05 -
m
o
9
» 50E+05 -
Q
£
© X
3.0E+05 A A A
1.0E+05 T T T T -
2 4 6 8

Rg°

FIGURE 6 Trapping time as a function of Rg atE; =5.0x 107 for
linear chains and 3-arm stars. Solid line (drawn to guide the eye)
shows a linear correlation.

onto a single curve. This suggests that in that range
of chain lengths, coil size (e.g. Rg) as opposed to
molecular weight (N) is the determinant factor of
trapping times, while chain topology (i.e. branching
pattern) only plays a minor role. In particular,
a nearly linear correlation between escape time and
R? can be found between N = 80 and 160, as shown
by the straight line.

All the simulations discussed so far were
performed without PBC in the x-direction, beginning
from a relaxed chain configuration. It is expected that
the state of relaxation of the initial chain confor-
mation will have some effect on the time spent to
move across the straight regions, but little effect on
the time needed to get across the constriction (for a
sufficiently long deep-region). To test this conjecture,
we also conducted a few simulations in a device with
PBC in the x-direction (that more closely approaches
the operation of the reported experimental device,
Fig. 1a). Figure 7 shows the results for the “net”
trapping time for systems with and without PBC in
the x-direction for chain with N = 160. Here, the
“net” trapping time 7 is the time elapsed from the
moment when the first chain-site crosses into
the shallow region (even if it comes back out again)
to the moment when the last chain-site leaves the
deep region. Because the electrical field inside the
simulation box depends on the boundary conditions
employed, an effective Eg for the transition region
was used in Fig. 7 that corresponds to the difference
of electrical potential between the middle x-positions
of the deep and the shallow channels. A linear
correlation is observed between log(7) and 1/E,,
consistent with Eq. (1). The results with and without
PBC collapse onto the same curve, which supports
the conjecture that the initial configuration has little
effect on the barrier-crossing time (at least for this set
of conditions).
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FIGURE 7 Comparison of net trapping times from simulations
with and without PBC in the x-direction for a chain with N = 160.
The logarithm of trapping time is plotted against 1/E,, where E,
is the effective electrical field based on the potential difference
across the barrier. A linear trend is observed, as shown by the
straight line.

CONCLUDING REMARKS

In this paper, the mechanism of entropic trapping of
linear DNA molecules going through a non-periodic,
regular-shaped constriction was investigated using
molecular simulations. The simulations probed the
thermodynamics (free energy landscape) and the
kinetics (escape times) of entropic trapping. The free
energy of linear chains was obtained via configura-
tional-biased chain insertion method for varying
chain position, chain length and electrical field
strength. It was found that when the degree of
penetration is chosen as the “escape” path, there is a
well-defined maximum in the free energy curve that
allows the estimation of the free energy barrier
AF . At weak and moderate electrical fields, AF nayx
is shown to increase with N, but this increase is only
significant for short chains (e.g. from N = 40 to 80)
and is almost negligible for longer chains. At strong
electrical field, however, AF,.x decreases with N. The
trapping time was simulated using a “dynamic”
Monte Carlo approach at different electrical field
conditions, ranging from weak to strong fields. At
weak electrical field, it was found that the trapping
time increases with increasing N, suggesting that the
free energy barrier term exp (AFmax/kgT) is the
controlling factor in the escaping process. At
moderate to strong electrical field, the trapping
time decreases with N, suggesting that the prefactor
7o (Which decreases with chain coil diameter) is the
controlling factor in the process. Test simulations
performed for a periodic system (mimicking a series
of deep-narrow passages) showed that the net
trapping time (needed to cross the barrier) is little
sensitive to the initial relaxation state of the chain in
the deep region.

It was observed that to achieve optimal partition-
ing between DNA molecules of different chain
lengths, the electrical field should be chosen in such a
way that the escape free energy barrier is of the order
of kgT. At such conditions, DNA molecules have
enough mobility to cross the barrier relatively fast
and yet substantial differences exist in the escape
rates of chains of different lengths. The conjecture
(based on experimental data) that the height of the
free energy barrier is the same regardless of chain
length was found to be approximately true for long
chains at moderate to strong electrical fields. Because
our simulations spanned a range of conditions that
fully probed the interplay between the free-energy
barrier factor exp (AFmax/kgT) and the chain size
factor 7y, the escape rate exhibited a more compli-
cated pattern of behavior than in experiment.
Furthermore, a general “scaling” formulation for
the free energy difference as a function of penetration
distance [7] appears to be an oversimplification
given that the chain sections that first penetrate the
thin region adopt irregular and stretched
conformations.

There are several aspects in our simulations that
can be improved. The depth of the thin region is
90nm in the experimental system, which is com-
mensurate to the Kuhn segment length of a DNA
molecule. In our simulations, D; was increased to
three Kuhn lengths to give the molecule enough
conformational freedom to penetrate the narrow
region (the molecule is unlikely to penetrate a slit
where it would become a 2-dimensional object).
In order to mimic more closely the experimental
conditions, one Kuhn segment should be rep-
resented by several beads with semi-flexible bond-
bond angles so that the model DNA molecule
becomes deformable at a small enough length scale
to be able to squeeze into a one-Kuhn-length deep
channel. In mapping out the free-energy landscape,
complementary calculations of the chain chemical
potential should be performed (using alternative
methods) since it is known that configurational-bias
insertion techniques can produce non-representative
conformations for long chains. The effects of a
charged upper plate (if made of glass) and of the
extent of chain relaxation in the deep region should
be investigated in detail as they may significantly
enhance or retard the separation effect. As indicated
earlier, the dynamic Monte Carlo method employed
in the escape simulations can only reproduce
properties from purely diffusional relaxation
dynamics. Even though the neglect of hydrodynamic
effects in the systems studied could be permissible
under some conditions, Brownian Dynamics simu-
lations with proper account for hydrodynamic
effects will certainly provide a more realistic
description of the process. Efforts along all those
directions are currently underway.
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