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Polymer translocation through a nanopore in mesoscopic simulations
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Abstract

Dissipative particle dynamics (DPD) simulations are carried out to study the translocation of a single polymer chain through a pore under
fluid field. The influences of the field strength E, the chain length N, the solvent quality asp, and the pore size h on the translocation time are
evaluated. The translocation time t, which is defined as the time that the chain moves through the pore completely in the direction of the driving
force, scales with the field strength E as t w E�0.48�0.01. We find that the translocation time is proportional to the chain length, which is in
agreement with the experimental results and theoretical predictions. Tracing the variation of the square radius of gyration, R2

g, and the polymer
configuration during translocation, we observe that the chain is elongated when it is passing through the pore, which manifests that the chain is
not in equilibrium during the translocation process. We also find that the worse the solvent quality is, the less time it will take to translocate, no
matter what the size of the pore is. If the size of the pore is enlarged, the translocation time will be shorter. The information we gain from this
study may benefit to the DNA sequencing.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The translocation of a polymer chain through narrow chan-
nels or pores under external fields is an essential mechanism
for life processes and industrial phenomena. The motion of
biomolecules across biological pores is ubiquitous in organ-
isms, such as DNA and RNA translocation across nuclear
pores, protein transporting through membrane channels, gene
swapping through bacterial pili, and the injection of viral
DNA into a host cell [1e3]. With the development of a variety
of biotechnologies, this simple transportation behavior is also
applied in rapid DNA sequencing, gene therapy, and delivery
of drug molecules to their activation sites [4e8]. In industry,
the separation and purification of synthetic or biological mac-
romolecules, the recovery and separation of oil, the production
of foods and medicine are all related to the translocation of
polymer chains.
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Therefore, the polymer translocation had attracted a large
number of scientists, investigating its underlying physics via
a variety of experiments [9e17], theories [18e29] and numer-
ical simulations [30e39]. Although the actual biological (or
industrial) system is complicated, a primitive model, including
a polymer chain and an infinite planar wall with a small hole,
is always used to understand the basic physics of translocation.
Intuitively we can consider, when the polymer chain translo-
cates through the small pore, a large entropic barrier will be
set up due to the lost of the number of configurations, therefore
an external driving force is requested to speed up the trans-
location. In order to achieve this, some methods had been ap-
plied, such as the electric fields [9,11], the ratchet mechanism
[40], the chemical potential gradients [21], and the selective
adsorption of the chain on one side of the membrane [19].
For example, Kasianowicz et al. [9], in an experiment, showed
that an electric field can drive single-stranded DNA and RNA
molecules through an ion channel in a lipid bilayer membrane.
In recent experiment, Storm et al. [14] argued that fast DNA
translocation through a solid-state nanopore is determined by
a balance between the driving force and the hydrodynamic
drag on the molecule.
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Inspired by the experiments, a number of theoretical studies
of the translocation process had been conducted. Sung and
Park [18] described equilibrium entropy of the polymer as
a function of the position of the polymer across the nanopore
and assumed constant chain diffusivity. Muthukumar [21] sug-
gested a linear dependence between the translocation time and
the chain length (t w N ) under a strong field with classical
nucleation theory. Recently, some researchers constructed
various models with different dynamics simulation techniques
to study the physics of this fundamental biological (and indus-
trial) processes. Sometimes different results were obtained,
because different models and interaction types between polymer
chain and nanopore were adopted. For example, some methods
were fulfilled by making the first monomer of the polymer
chain immovable with artificial restriction at the beginning
of the simulations. This may bias the actual physics of
translocation.

In general, the translocation process includes three steps.
First, the pore is filled with part of the chain (M segments)
from the donor container, and the average translocation time
is t1. During the second step, with average translocation
time t2, (N�M ) segments are transferred from the donor to
the recipient container. Here, N is the polymer chain length
and M is the nanopore length (M< N ). In the third step, M
chain segments leave the pore and enter the recipient container
with the average translocation time t3. The total translocation
time is t¼ t1þ t2þ t3 [37]. In most cases, N is much larger
than M and t2 determines the total translocation time. There-
fore, in this research, we select a minimum wall model with
the thickness being comparable to the simulated bead size
and analyze the effects of the field strength, the solvent qual-
ity, the chain length, and the pore size on the chain transloca-
tion dynamics. The bond force constant is selected such that
the bead can interact with the nearest and the second nearest
beads along the chain backbone. This results in a wormlike
chain model. In Section 2, we briefly describe the model
and the simulation method. In Section 3, using our approach
we analyze the results and reasoning. Section 4 is a short
conclusion.

2. Model and method

The dissipative particle dynamics (DPD) simulation
method, which is well developed to describe fluid, is adopted
here, because it allows larger integration time step owing to its
soft potential. However, in DPD, the soft nature of the beade
bead interaction cannot prevent the penetration of simulated
solvent or polymer beads into the wall. Thus we construct
the wall model following Ref. [41], in which the wall is
impenetrable by applying bounce back boundary condition.
In the middle of the wall a pore is made allowing the translo-
cation of the polymer chain. During the simulations, the posi-
tions of the wall particles do not change. Another thing should
be mentioned is that we place the first polymer bead in the
right side of the wall and the rest in the left side of the wall,
instead of the first bead being fixed artificially during the
simulation.
In DPD, the motion of particles is governed by Newton’s
equation of motion [42],
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¼~f i:

The force acting on a solvent bead is a sum of the conservative,
the dissipative, the random, and the fluid field forces, i.e.,
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The conservative force ~FC
ij is a soft repulsion acting along the

line of bead centers, and aij is a maximum repulsion between
particles i and j.~rij ¼~ri �~rj, rij ¼ j~rijj, and brij ¼~rij=j~rijj. xij is
a random number with zero mean and unit variance, and is
chosen independently for each interacting pair of particles at
each time step Dt. uD and uR are two weight functions for
the dissipative and random forces, respectively. uDðrÞ ¼
½uRðrÞ�2 and s2¼ 2gkBT, so that the system samples a canon-
ical ensemble [43]. The polymer chain is constructed by con-
necting the neighboring beads together with the spring force
~Fspring. The spring constant k¼ 100 such that the bead can
interact with the nearest and the second nearest beads along
the chain backbone. This results in the three-body correlation
between the nearest consecutive beads and further results in
a wormlike chain model. In the simulations rc¼ 1, m¼ 1,
and kBT¼ 1, setting the units of the system. The densities of
the solution and the wall are all kept equal to 3. The wall
thickness is 1 and the pore size (h) is initially set to be 1. In
order to study the effect of the pore size, h can be changed
to other values. The simulation box, which is a primitive
model, is two-dimensional with size 120� 120 or 300� 100
depending on the simulated chain length. The polymer is ini-
tially configured randomly with the requirement that only the
first bead is on the right side of the wall and the rest is on the
left side. It should be noted that not all simulation runs are suc-
cessful translocations. We have conducted a series of the runs
with different initial chain configurations and consider only
the average translocation time t over all successful runs.
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3. Results and discussion

In the beginning of the simulations, the first monomer is put
in the recipient box near to the pore, as sketched in Fig. 1.
Without external field, the first monomer will be pull back to
the donor box in a very short time simulation. Therefore, to
facilitate the chain translocation, an extra directional field is
needed just like in experiments. We have adopted here the sim-
plest field, i.e., adding constant and homogeneous force on the
particles. Only by doing this, the chain can overcome the large
entropic barrier due to the loss of the number of the configura-
tions during polymer translocation in our simulations. As
shown in Fig. 2(a), at weak field strength (i.e., the driving
force), the translocation time t decreases rapidly with increas-
ing field strength, whereas t tends to reach a plateau for strong
fields. Increasing the field strength effectively enhances the
velocities of the particles and reduces the translocation time.
However, due to the existence of the pore, the polymer velocity
is not dominated by the strength of the field, especially for large
E. This phenomenon is similar to the result of Matysiak et al.
[44] which is attributed to the change in translocation mecha-
nism from barrier crossing to downhill. In Fig. 2(b), we fit
the translocation time against the external field and find the
scaling relation t w E�0.48�0.01. Such a dependence of the
translocation time on the external field is weaker than the cases
in Refs. [30,36]. It may be ascribed that we have adopted the
soft potentials and bounce back boundary condition.

We have also considered the influence of the chain length
on the translocation time in the condition with different pore
sizes. Fig. 3 shows the dependence of t on N for three different
pore sizes. We find that t appears to increase almost linearly
with N, which is in agreement with the experiments [9,13]
that found the channel blockade lifetime was proportional to
polymer length. By increasing the size of the pore, the poly-
mer chain is easier, or faster, to be translocated through the
pore, in the case of same chain length. This is because that
the larger the pore is, the less the confinement acting on the
polymer chain from the pore is, which surely benefits to the
mobility of the polymer. Although Storm et al. [15] found
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Fig. 1. The sketch of the model.
an exponent of 1.27 in the solid-state nanopore experiments
in three dimensions, the present study supports the results of
the experiments on a-hemolysin [9,13] and the theory of
Muthukumar [21]. Such a scaling is different from that found
in the Langevin dynamics simulations [36], which show
t w N2n for relatively short chains to t w N1þn for longer
chains in the case of intermediate friction coefficient, where
n is the Flory exponent. It may be because that in our model,
the friction is small owing to the adopted soft potential. Also,
the forced translocation times are shown to strongly depend
on the method by which the force is applied [32].

To study translocation dynamics in detail, we calculate the
square radius of gyration R2

g during the translocation for differ-
ent polymer chain lengths. Because the direction of the field is
along the X direction, R2

g;x is dominant to R2
g. For different

chain lengths N from 10 to 100, the variations of R2
g are shown

in Fig. 4. Clearly the chain has large configuration change dur-
ing the translocation. First, R2

g decreases before the polymer
translocating through the pore, which is attributed to the
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Fig. 2. (a) shows the translocation time t as a function of field strength E for

N¼ 100; (b) is the double log plot. The slope of the fitting line is 0.48� 0.01.
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Fig. 3. Average translocation time as a function of chain length for pore size

h¼ 1, 3, and 5.
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constant compression force from external field on the polymer
chain. When more and more beads start to translocate, R2

g de-
creases to its minimum, as shown by (a) in Fig. 4. Afterwards,
R2

g increases monotonically until reaches to the maximum, as
shown by (c) in Fig. 4. This implies that the polymer is
extended during translocation, and the part of the chain is
stretched by the field in the recipient box. It should be noted
that the time reaching the maximum of R2

g does not correspond
to the moment that the polymer is translocated through the
pore completely. After reaching the maximum of R2

g, most

Simulation time 

Fig. 4. The variation of the square radius of gyration R2
g of polymer during the

translocation for N¼ 10 to N¼ 100.
of the polymer beads have been translocated through the
pore, and the configuration relaxation causes R2

g to decrease
again, corresponding to (d) in Fig. 4. From the variation of
R2

g, we can conclude that the translocation of polymer is not
in an equilibrium state during the translocation process and
the polymer chain is elongated. This result is in agreement
with that of Luo et al. [35] who had demonstrated that the
polymer remains in nonequilibrium during translocation using
Monte Carlo simulations. In Fig. 5, we show the instantaneous
configuration snapshots of the chain with N¼ 100 at different
times corresponding to the arrows in Fig. 4. The translocation
time is estimated as 11.162 in reduced unit for this system.

In our simulations, we also consider the effect of the
solvent quality on the polymer translocation. When the quality
of the solvent is changed from good to poor, the effective
attractive interactions between monomers can cause the poly-
mer configuration transition from a swollen to a compact state
[45e47]. This configuration transition relates to the entropy
loss, thus may further influence the polymer translocation
through a pore. By fixing the interactions between polymer
and polymer, and between solvent and solvent, we change
the interaction between polymer and solvent from 75 to 5
to manifest the change from the bad to the good solvent. By
simulating this series of systems, we obtain the dependence
of polymer translocation time on the solvent quality, which
is shown in Fig. 6(a) for N¼ 80, 90, and 100. From the figure
we can see that the worse the solvent quality is, the faster
the polymer translocates through the pore. This is mainly
(a)

(c)

(b)

(d)

Fig. 5. Configurations for the chain with N¼ 100 during translocation: (a) 33 beads are translocated at t¼ 5.146 and the configuration corresponds to (a) in Fig. 4;

(b) 50 beads are translocated at t¼ 6.986 and the configuration corresponds to (b) in Fig. 4; (c) 87 beads are translocated at t¼ 10.248 and the configuration

corresponds to (c) in Fig. 4; (d) all of the beads are translocated at t¼ 11.162 and the configuration corresponds to (d) in Fig. 4.



3605Y.-D. He et al. / Polymer 48 (2007) 3601e3606
attributed to the entropy decrease by decreasing the solvent
quality in our model. The mean square radius of gyration is
calculated with different solvent quality to see what is the
chain size variation with increasing asp. The results, which
are shown in Fig. 6(b), demonstrate that the mean square
radius of gyration of the polymer chain decreases with increas-
ing asp. Specifically, the size of the chain decreases rapidly
when asp increases from 5 to 35, whereas it does not change
much when asp increases from 35 to 75. The rapid decrease
of the radius of gyration when the solvent quality changes
from good to poor may correspond to a coil to globule transi-
tion. Apparently, the polymer chain in good solvent condition
has a larger entropy change when translocating through the
pore as compared to that in bad solvent condition. The effects
of solvent quality on the translocation time are reduced with
increasing pore sizes, which are shown in Fig. 7. The

(b)

(a)

τ

Fig. 6. (a) Average translocation time as a function of the solvent quality asp.

The field strength E is 1.0 and the pore size h is 1.0. The squares, circles and

triangles represent for N¼ 80, 90, and 100, respectively. (b) The mean square

radius of gyration changes with the solvent quality asp.

τ

αsp

Fig. 7. Average translocation time as a function of the solvent quality asp for

different pore sizes. The solid lines are for h¼ 3 and dotted lines for h¼ 5.

The squares, circles and triangles represent for N¼ 80, 90, and 100, respectively.
confinement due to the pore is reduced at larger pore sizes,
therefore the entropy change is not as much as that in the
case of h¼ 1. The free energy barrier induced by solvent qual-
ity is crucial for controlling the translocation time, thus may
provide a hint to the rapid DNA sequencing in experiments.

4. Conclusion

We have investigated the dynamics of polymer transloca-
tion through a nanopore under an external homogeneous fluid
field in two dimensions with DPD simulations. With large
bond force constant, we are trying to model the wormlike
chain. The translocation time decreases rapidly with increas-
ing the field strength in the small field strength region, in
which the field strength dominates the translocation. But in
the strong field region, the influence of the field strength is
not so drastic, which gradually reaches to a plateau. The larger
the pore is, the weaker the repulsive interaction is, thus bene-
fits to the faster translocation of the polymer. The translocation
time increases almost linearly with increasing the polymer
chain length. Moreover, the translocation is affected by the
solvent quality. When the polymer is in the bad solvent condi-
tion, it is easier to translocate under the field. By following the
changes of the mean square radius of gyration during the
translocation, we find that the polymer is largely extended in
the process.
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