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ABSTRACT: The translocation of polymer chains through
a small hole was simulated with the dynamic Monte Carlo
method. The dependence of the relaxation time (t;) and
escaping time (t1;) on the chain concentration (C) was stud-
ied. The interchain interaction played an important role in
the translocation process. Different behaviors were discov-
ered at low and high C regions. 1; presented a power law

behavior with C at low and high C values with exponents of
—1 and -3, respectively. 1, was roughly independent of C at
low C values but decreased with power law exponent —1.3
at high C values. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
103: 1200-1205, 2007
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INTRODUCTION

The translocation of polymer chains through small
holes is a fundamental event in various biological
processes, such as in the transport of proteins through
channels in biological membranes,' ™ the translocation
of RNA molecules through pores in cell nuclear mem-
branes, the transfer of DNA molecules from virus to
host cell, and the transfer of genes between bacteria.*
It also relates to the migration of DNAs through
microfabricated channels and devices,” gene therapy,
drug delivery, gel electrophoresis,®” and size exclu-
sion chromatography.® It has attracted great attention
in experiments,”* analytical theories,">® and com-
puter simulations.”’ In the experimental study of
biological macromolecules through biological mem-
branes,” ™! the size of the nanopore through which
macromolecules translocate is much larger than the
microscopic bond length of the chain backbone, so it
is reasonable to adopt a coarse-grained approximation
to simulate the translocation processes of polymer
chains.*'~*°

Single-chain systems that contain only one polymer
have been well studied with several driving mecha-
nisms, such as the ratchet mechanism,!® electric
field,” ' chemical potential difference,'>161920 and
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selective absorption on one side of the membrane.**?®

However, a lot of natural systems, such as drug
release from a capsule” 2’ and gel electrophoresis,”’
are comprised of a number of chains. In such kinds of
multichain systems, the interchain interaction plays
an important role in the polymer translocation proc-
esses, and the translocation processes are much more
complicated than that of single-chain systems. In this
study, we tried to examine the effect of chain concen-
tration (C) on the translocation of polymer chains
through a small hole. The dependence of the relaxa-
tion time (t1) and escaping time (1) on C was studied,
and different behaviors were found at low and high C
regions.

MODEL AND SIMULATION METHOD

Our simulation system was embedded in a simple
cubic lattice. The simulated box was a cuboid with
spacing Ly, L, and L. in the x, y, and z directions,
respectively. Periodic boundary conditions were con-
sidered in the x and y directions, whereas in the z
direction, there were two infinitely large flat walls
located at z = 0 and L, + 1, respectively. Polymers
were confined between in these two impenetrable
walls. A small hole was located at the center of the
upper wall at z = L, + 1, through which polymer
chains could escape from the box. Above the upper
wall, there was a large space without any chain.

A polymer chain of length n was comprised of n
self-avoiding identical segments, and every segment
occupied one lattice site. Bond length between two se-
quential segments was equal to the lattice constant,
which was set as the unit of length. The interaction
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between segments and that between the segment and
surface were supposed to be self-avoiding; that is, seg-
ments could not share the same lattice site and contact
the flat surfaces.

The dynamics of the polymer chains consisted of
local and global Brownian movements. Simulation
details can be found in ref. 25. The local movement
contained three elementary motions of segments: the
end rotation, 90° crankshaft rotation, and kink jump
motion. Although for the global movement slithering
snakelike reptation was considered for two end seg-
ments, every attempted reptation led the whole chain
to move one lattice forward or backward. For every
end segment, the probability of choosing reptation
was arbitrarily set to 0.5. The time unit was 1 Monte
Carlo step, during which Nn trail movements were
attempted, where N and Nn represent the number of
polymer chains and the total number of segments,
respectively. The trial move was accepted only if the
self-avoidance was satisfied. With the local and global
movements, polymer chains changed their configura-
tions and spatial locations.

At the beginning of the simulation, we closed the
hole and put N identical chains of length n into the
simulation box. After a sufficient time of Brownian
movement, the system arrived at an equilibrium state.
Then, we opened the hole on the upper surface and

(a)
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investigated the translocation of chains through this
hole. The moment we opened the hole was set as the
starting time (t = 0). Assuming there was an infinitely
large space above the upper surface, we removed the
chain if all of its segments were out of the box.

A certain time later, one of the chain’s two end seg-
ments arrived at the hole, and the front several seg-
ments of the chain wormed out of the box by random
back-and-forth motion. However, this step did not
necessarily lead to a successful escape; all the seg-
ments outside the box might be pulled back by
entropic force. After several such attempts, however,
a successful escape eventually occurred. In Figure 1,
we show two snapshots of chain configurations at dif-
ferent times: a chain escaping through the hole and its
eventual escape from the box. We considered the
smallest hole in this study, that is, a hole that com-
prised only one lattice site. The smallest hole could
prevent multichain escape and thus made the prob-
lem relatively simple.

In this study, the whole event of chain escape from
the box was separated into two stages with different
timescales:** (1) a relaxation stage with timescale 1,
where one end segment eventually arrived at the hole
and resulted in a successful chain escape, and (2) an
escaping stage with timescale 1,, where one chain
completely escaped from the box after the last arrival

(b)

hole

Figure 1 Snapshots of our system: (a) a chain escaping through the hole and (b) a whole chain that escaped from the
box. The gray and dark circles represent segments inside and outside of the box, respectively. The two surfaces with small
squares represent the walls. The hole with size of one lattice site is at the middle of the upper wall. The parameters were

as follows: box size = 20 x 20 x 20, n = 20, and N = 10.
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of the successfully escaping chain’s front end at the
hole. Figure 2 shows the variation of segment number
outside the box during the escaping process. Here,
one can see that there were several temporary tries
before the final successful escape. We mainly investi-
gated the dependence of 1; and 1, on the initial C of
polymer before the dislocation of the chain. C is
defined as the initial fraction of polymer segments:

_Nn

C v

1)
where V (L, x L, x L;) is the total number of lattice
sites of the simulation box and N is the polymer num-
ber before the translocation. With this definition, C
was a constant during the translocation of one poly-
mer chain.

SIMULATION RESULTS AND DISCUSSIONS

Figure 3 presents the time dependence of C inside the
simulation box. Here, the polymer length n = 20, and
the box was 20 x 20 x 20. The initial N was 150; that
is, the initial C was 0.375. In the semilogarithmic plot
of C versus time ¢, the decrease in C was nonlinear.
For comparison, we also measured the translocation
of hard spheres (or particles) in the same condition.
The result is shown in the insert of Figure 3. Here, a
hard sphere was equivalent to a polymer chain with n
= 1 in our system. For the hard-sphere system, the
permeation was very fast, and the dependence of C in
the logarithmic scale was linear with time. Therefore,
we concluded that chain structure played an impor-
tant role in the translocation.

For the hard-sphere system, diffusion induced by
the difference in C could be phenomenologically
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Figure 2 Variation of segment number out of the box
(nouy) With time t. Box size = 20 x 20 x 20, n = 80, and N
= 50.
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Figure 3 Semilogarithmic plot of C of the polymer seg-
ments versus time t for chains of n = 20 translocation
through a hole from a box of size of 20 x 20 x 20. The ini-
tial C was 0.375. The insert shows the semilogarithmic plot
of C versus t for hard-sphere particles, which was equiva-
lent to a chain of n = 1.

described by the Fick’s law. Net flux [j(z,t)] was set
up as

j(e.t) = s @

where D is the diffusion constant, s is the area of the
hole, and dC/dz is the spatial gradient of concentra-
tion. In our model, assuming C inside the box was

uniform and C = 0 outside the box, we then calculated
the decrease rate of hard spheres in the box as®

dN
where N is the total number of hard spheres. Then, for
the hard-sphere system, we have

dg o —dt 4)

because C oc N. Thus, C decayed exponentially with
time £, as presented in the insert of Figure 3. However,
polymer chain systems do not obey such a simple
behavior. The reason is that both interchain interac-
tions and entropic barrier depend on concentration of
the polymer.”** The interchain interaction pushed
the polymer out of the box, while the entropic barrier
drug the permeation of the polymer.

For hard spheres, 1; could be expressed as t; o« c!
when we set the time interval df as 1; and the bead
decrement dN as —1 in eq. (3). Our simulation result
gave a simple power law (1; o« C ') for the hard-
sphere system. Here, we measured t; from the simula-
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Figure 4 Log-log plot of 1; versus C for systems with n’s
=1, 5, 10, 20, 40, 60, and 80. The dotted line at the bottom
and the dashed line at the top have slopes of —1.0 and
—3.0, respectively. The smallest two C’s for n = 80 were
obtained from the simulations in boxes of size 40 x 40
x 40 and 30 x 30 x 30, whereas all other C’s were simu-
lated in a box of size 20 x 20 x 20.

tion, as shown in Figure 2, instead of calculating it
from the time dependence of C.*® Then, we investi-
gated the dependence of 1, on C for the polymer chain
translocation.

Figure 4 presents the dependence of 1, on C. For the
multichain system, the power law 1, oc C~' was only
satisfied at very low C’s. Although simulations were
carried out in a box of size 20 x 20 x 20, the size effect
was negligible. We did not find an obvious size effect
even for the longest 1 (80) because the results obtained
from the box sizes 40 x 40 x 40, 30 x 30 x 30, and 20
x 20 x 20 were roughly on the line with a slope of
about —1. The whole C range could be divided into
three regimes with two crossover points, Cf and C3:
(1) a low-C regime where C < Cf and 1, showed a
power law behavior with C described by t; oc C™, (2)
a high-C regime where C > C; and 7; could be
roughly expressed as t; oc C°, and (3) an intermedi-
ary C regime where Cf < C < C3 and where the
decrease in 1, sped up gradually with increasing C. A
clear description for the relationship between 1; and C
can be expressed as

cl, c<Ct
T X 3 (5)
c? C>C

Below Cj, the translocation behavior of the polymer
chains was the same as that of hard spheres. There-
fore, we could not distinguish hard sphere and poly-
mer chain from the dependence of 1; on C. In other
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words, the chain structure did not play role at low
C’s. That means that chains were independent of each
other and that the system could be regarded as poly-
mer chains in a dilute solution. Above Cj, chains
began to intersect each other, and the chain structure
played a role in the translocation process; then, the
system at C > C§ could be regarded as a semidilute so-
lution. Therefore, the value Cj separated the dilute
and semidilute solutions. The dependence of the
value Cf on n is presented in Figure 5. We found that
C% can be roughly expressed as

C; ocn™ ¥ (6)

The exponent —0.81 was very close to theoretical
value —0.80 for self-avoiding walking chains in solu-
tion.*'*2 However, it was unclear what happened
near C3. At such a high C (C3), the polymers should
have been highly entangled and should have inter-
acted strongly with each other.

We also studied the dependence of 1, on C. Figure 6
gives the dependence of 1,/n on C for the multichain
systems with n values of 10, 20, 40, 60, and 80. At low
C, the value 1,/n was roughly independent of C. Par-
ticularly, the free 1, of the single-chain system was
almost equal to that of the multichain system at low
C. Therefore, we named it the free escaping regime,
where 1, was roughly a constant and was independ-
ent of C. The size effect on 1, was also negligible. For
n = 20, 1,’s obtained from different system sizes were
almost independent of system size at low and high
C’s. We also did not find a size effect, even for the lon-
gest n (80) that we considered in this study. The con-
stant 1, region was a little wider than the free relaxa-
tion region characterized by Ci. The interchain
interactions among the polymers were negligible at
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Figure 5 Plot of transitional Ci of T; versus n. The curve

separates the dilute and semidilute solutions. The insert
presents the log-log plot of C} versus n.
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small C (<C%), so each chain behaved like one single
chain in the system. At C values just above Cf, how-
ever, the interaction was still very weak, and the driv-
ing force was much smaller than the entropic barrier
that blocked the chain; therefore, the change in 1,
might have been too small to be observed.

At high C’s, however, the interchain interactions
played an important role in the chain translocation
process. 1, decreased with C and could be described
by a power law relation at high C’s:

T x nC 13 7)

This regime was named the driving escaping regime.
The driving escaping regime appeared at lower C val-
ues for longer chains. In this regime, the single-seg-
ment (1,/n) was independent of n. That means that
the flow rate of the segment was independent of n at
high C’s. However, in the free escaping regime, 1,/n
increased with n. Figure 7 presents the dependence of
Ta/nonn at C < 0.02. 1, could be expressed as 1, oc n?
in the free escaping regime, in agreement with theo-
retical prediction with Fokker—-Planck formalism by
the assumption of a constant rate to translocate one
segment through the small hole.'®

We know that at low C’s, the polymer chains inside
the box were far away from each other, and the effec-
tive chain—chain interaction was negligible. So when
one chain was escaping, it mainly suffered from
the entropic force resulting from the variation of the
chain’s configurations with position. Generally, the

’C2/n

0.01 0.1 1
C

Figure 6 Plot of the average 1,/n versus C for systems
with n’s = 10, 20, 40, 60, and 80. The dashed line has a
slope of —1.3. Simulations were carried out in a box of size
20 x 20 x 20, except the following. The (+) smallest two
C’s for n = 80 were obtained from the simulations in boxes
of size 40 x 40 x 40 and 30 x 30 x 30. For n = 20, several
box sizes were used: (@) 10 x 10 x 10, ((J) 15 x 15 x 15,
(O) 20 x 20 x 20, (+) 25 x 25 x 25, and (W) 30 x 30 x 30.

3||||| 1

1E-3

Journal of Applied Polymer Science DOI 10.1002/app

WANG AND LUO

35

30—

C<0.02

Figure 7 Dependence of the average 1,/n on n at low C
(<0.02). The t2/n shown here were averaged over low C
(<0.02) in Figure 6.

entropic force imposed on a long chain is larger than
that on a short chain, which results in a large 1, for the
long chain to translocate one segment forward, as
described in Figure 6. However, at high C’s, the inter-
chain interaction builds up, and it drives the chain out
of the system. As we know, the size of a random SAW
chain can be characterized by the mean square radius
of gyration of (RZ) oc n* with exponent v ~ 0.6 in ran-
dom coil states. Therefore, the interchain interaction
of long chains will be stronger than that of short
chains at the same C; that is, the interaction will be
built at a lower C for a longer chain. This was in agree-
ment with our findings that the driving escaping re-
gime appeared at lower C values for longer chains.

CONCLUSIONS

We investigated the translocation of polymer chains
through a small hole with a dynamic Monte Carlo
method. The whole event of the translocation was
composed of a relaxation stage with a timescale 1, and
an escaping stage with a timescale 1,. Both 1; and 1,
were dependent on C. At low C’s, 1, showed a power
law behavior with C (11 oc Cil), like that found for the
hard-sphere systems. This indicated that the inter-
chain interaction was negligible, and therefore, the
crossover point Cj, which separated the dilute and
semidilute solutions, was defined. Although at high C
regions (C > C3), where the interchain interaction was
very strong, 1; decreased quickly with increasing C as
1, oc C°. We identified two stages in the escape pro-
cess: a free escaping regime at low C’s, where 1, was a
constant independent of C, and a driving escaping re-
gime at high C’s where 1, could be expressed as 1, oc
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nC~'3. We concluded that the interchain interaction
played an important role in the chain translocation

pr OcCess.
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