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Abstract

The translocation of molecules across cellular membranes or through synthetic nanopores is

strongly affected by thermal fluctuations. In this work we study how the dynamics of a

polymer in a noisy environment changes when the translocation process is driven by an

oscillating electric field. An improved version of the Rouse model for a flexible polymer has

been adopted to mimic the molecular dynamics, by taking into account the harmonic

interactions between adjacent monomers and the excluded-volume effect by introducing a

Lennard–Jones potential between all beads. A bending recoil torque has also been included in

our model. The polymer dynamics is simulated in a two-dimensional domain by numerically

solving the Langevin equations of motion. Thermal fluctuations are taken into account by

introducing a Gaussian uncorrelated noise. The mean first translocation time of the polymer

centre of inertia shows a minimum as a function of the frequency of the oscillating forcing

field. This finding represents the first evidence of the resonant activation behaviour in the

dynamics of polymer translocation.

1. Introduction

The transport of molecules across membranes represents

one of the most important processes in biology. In a cell

environment, DNA and RNA translocate across nuclear pores

and many proteins work on the basis of their ability to go

beyond a potential barrier. Cancer target therapy is based

on a drug delivery mechanism that crucially depends on

the translocation time of the chemotherapeutic molecules

[1, 2]. The study of the transport of macromolecules across

a nanopore is also important for technological applications

[3, 4]. In many experimental studies on polymer translocation

the passage of a DNA molecule across an α-hemolysin (α-HL)

protein channel is revealed by measuring the reduction of the

electrolyte ion current [5–8]. In this way, a linear relationship

of the most probable crossing time τp with the molecule

length was established. Moreover, τp scales as the inverse

square of the temperature and the dynamics of biopolymer

translocation across an α-HL channel is found to be governed

by pore–molecule interactions. The complex scenario of the

translocation dynamics coming from experiments has been

enriched by several theoretical and simulative studies [9–15],

in which it was shown that the translocation time scales like

τp ∼ N1+2ν , where N is the number of monomers and ν is the
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Figure 1. 3D view and projection on the z–x plane of the potential energy UExt, which is included in our system to simulate the presence of a
barrier to be surmounted by the polymer. The three snapshots of a randomly selected event of polymer translocation are shown: the
monomers initial configuration (panel (a)), the crossing polymer (panel (b)) and the final steric distribution (panel (c)). The continuous red
line and the dashed green line indicate the starting and the finishing line, respectively.

Flory exponent. The translocation process of a chain molecule

through a pore in a membrane has been theoretically studied

in the presence of a dichotomically fluctuating chemical

potential only as a function of its amplitude in [26]. Recent

experiments have shown that the application of an ac voltage

to drive the translocation process of DNA molecules through a

nanopore significantly affects the DNA–nanopore interactions,

providing new insights into the DNA conformations

[16–20].

The mean time a single Brownian particle takes to cross

a potential barrier in the presence of thermal fluctuations,

under a periodic forcing field, has been theoretically and

experimentally investigated as a function of the driving

frequency [21–25]. In this communication, we investigate

the role of an external oscillating driving field on the transport

dynamics of short polymers starting from a local minimum

(metastable state) of the potential landscape and surmounting

a barrier in the presence of thermal fluctuations. Molecular

dynamics simulations are performed in a two-dimensional

domain by modelling the polymer as a flexible chain molecule

with adjacent monomers experiencing harmonic interactions.

A bending recoil torque is also included in the model and the

excluded-volume effect is taken into account by considering a

Lennard–Jones (LJ) potential between all beads. Langevin

equations of polymer motion are numerically solved by

including a Gaussian uncorrelated noise which mimics thermal

fluctuations. The mean time the polymer centre of inertia takes

to cross the potential barrier for the first time, namely the

mean first translocation time (MFTT), changes with the noise

intensity. We find a minimum of the MFTT of the molecule

as a function of the frequency of the forcing field. This

nonlinear behaviour represents, to the best of our knowledge,

the first evidence of the resonant activation (RA) phenomenon

in polymer translocation. We find that a suitable tuned

oscillating field can speed up or slow down the mean time

of the translocation process of a molecule crossing a barrier,

using the frequency as a control parameter, in accordance with

the experimental results reported in [16–20].

2. The polymer chain model and MD simulations

The polymer is modelled by a semi-flexible chain of N

beads connected by harmonic springs [27]. Both excluded

volume effect and van der Waals interactions between all

beads are taken into account by introducing a LJ potential.

In this work, we investigate the dynamics of a linear chain

molecule. In order to confer a suitable stiffness to the chain,

a bending recoil torque is included in the model, with a

rest angle θ0 = 0 between two consecutive bonds. In our

model any hydrodynamic effect induced by the monomers

motion in the solvent is neglected. This approximation

implies that our model cannot be used to mimic the molecule

behaviour in dilute polymeric solutions, but it appears to

be much more appropriate for polymeric melts [28]. The

total potential energy of the modelled chain molecule is

U = UHar + UBend + ULJ with

UHar =
N−1
∑

i=1

Kr(ri,i+1 − d)2 (1)

UBend =
N−1
∑

i=2

Kθ (θi−1,i+1 − θ0)
2 (2)

ULJ = 4ǫLJ

∑

i,j (i �=j)

[

(

σ

rij

)12

−
(

σ

rij

)6
]

, (3)

where Kr is the elastic constant, rij is the distance between

particles i and j , d is the equilibrium distance between

adjacent monomers, Kθ is the bending modulus, ǫLJ is the

LJ energy depth and σ is the monomer diameter. Polymer

translocation dynamics is simulated in a two-dimensional

domain. Experiments on the transport dynamics of DNA

molecules driven inside an entropic trap array have shown the

existence of a quasi-equilibrium state of the polymer during

the translocation [29, 30]. These experimental results suggest

the modelization of the polymer translocation as a stochastic

process of diffusion in the presence of a potential barrier having

the form

UExt(x) = ax2 − bx3 (4)

with the parameters a = 3×10−3 and b = 2×10−4, as already

adopted in [15]. A three-dimensional view of UExt is plotted

in figure 1, which includes the three snapshots of the polymer

crossing event, showing the monomers starting configuration

(figure 1(a)), the crossing polymer (figure 1(b)) and one of

the possible final steric distribution (figure 1(c)). The drift of

the ith monomer of the chain molecule is described by the

following overdamped Langevin equations:
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dxi

dt
= −

∂Uij

∂x
−

∂UExt

∂x
+

√
Dξx + A cos(ωt + φ) (5)

dyi

dt
= −

∂Uij

∂y
+

√
Dξy, (6)

where Uij is the interaction potential between the ith and

j th beads given by equations (1)–(3), UExt is expressed by

equation (4), ξx and ξy are the white Gaussian noise

modelling the temperature fluctuations, with the usual

statistical properties, namely 〈ξk(t)〉 = 0 and 〈ξk(t)ξl(t+τ)〉 =
δ(k,l)δ(τ ) for (k, l = x, y). A and ω are respectively the

amplitude and the angular frequency of the forcing field and

φ is a randomly chosen initial phase.

We can include the driving force into the interaction

potential in such a way that equations (5) and (6) become

dxi

dt
= −

∂U(rij , θij , t)

∂x
+

√
Dξxi

(7)

dyi

dt
= −

∂U(rij , θij , t)

∂y
+

√
Dξyi

, (8)

where the time-dependent potential is

U(rij , θij , t) = Uij + UExt − xA cos(ωt + φ). (9)

Different configurations of the time-dependent potential

profile strongly influence the stochastic dynamics of the chain

polymer.

In our simulations, the time t is scaled with the friction

parameter γ as t = tr/γ , where tr is the real time of the

process. The standard LJ time scale is τLJ = (mσ 2/ǫLJ)
1/2,

where m is the mass of the monomer. A bead of a single-

stranded DNA is formed approximately by three nucleotide

bases and then σ ∼ 1.5 nm and m ≈ 936 amu [12].

Orders of magnitude of the quantities involved in the process

are nanometres for the characteristic lengths of the system

(polymer and barrier extension) and microseconds for the

time domain. The values of the parameters have been

opportunely chosen in order to simulate the translocation

process in a realistic general case. A sequence of 103 numerical

simulations has been performed for different values of the

frequency of the forcing field and two values of the noise

intensity D, namely D = 1.0 and 4.0. The values of the

potential energy parameters are Kr = Kθ = 10, ǫLJ = 0.1,

σ = 3 and d = 5, in arbitrary units (AU). The amplitude of

the electric forcing field is A = 5 × 10−2 in AU. The number

of monomers N is 20. The initial spatial distribution of the

polymer is with all monomers at the same coordinate x0 = 0,

corresponding to the local minimum of the potential energy of

the barrier, and different y coordinates equally spaced by the

rest length d. Every simulation stops when the x coordinate

of the centre of mass of the chain molecule reaches the final

position at xf = 15 (the dashed green line in figure 1).

3. Results and discussion

The presence of an oscillating field, driving the polymer

crossing dynamics, is experienced by the single monomers as

a change of the configuration of the time-dependent potential

barrier (equation (9)), which appears periodically lowered and

Figure 2. MFTT versus frequency of the forcing field for two
different values of the noise intensity D. The values of the potential
energy parameters are Kr = Kθ = 10, ǫLJ = 0.1, σ = 3 and d = 5,
in AU. The amplitude of the electric forcing field is A = 5 × 10−2

(AU). The number of monomers N is 20. The inset shows the details
of the MFTT versus the frequency characteristic in the RA regime.

heightened. In this view, the frequency of the forcing field,

that is the frequency of the oscillating potential, represents

a key parameter for the efficacy of the driving mechanism

of the polymer translocation process. Our results about the

frequency dependence of the MFTT show the three different

translocation regimes (figure 2). In the low-frequency domain

(ω < 10−3), the period of the forcing field oscillations is very

long with respect to the typical values of the mean crossing

time of the chain molecule. In this regime the MFTT is

equal to the average of the crossing times over all the initial

barrier configurations, because each of these remains nearly

unchanged during the entire translocation event. This means

that the slower processes critically affect the mean crossing

time by increasing its value. As a consequence, we observe

long tails in the probability density function (PDF) shown in

figure 3(a). In the high-frequency domain (ω > 10−1), a

saturation of the translocation time is obtained. In this case,

very rapid oscillations of the potential make the molecule chain

feel the average potential barrier and, therefore, the MFTT

becomes equal to that obtained without any additional periodic

driving. For the intermediate frequencies (10−2 < ω < 10−1),

the crossing event is strongly correlated with the potential

oscillations and the MFTT versus ω exhibits a minimum at a

resonant oscillation rate. This frequency region corresponds

to periods of oscillation of the same order of magnitude of the

mean time that the polymer takes to cross a static barrier in

the lowest configuration of the oscillating potential. In other

words, the potential remains around its lowest configuration

for enough time to allow the polymer to exit and, even in the

case of an initially high or intermediate value of the height

of the barrier, the potential can turn into lower configurations

within a sufficiently short time lag to facilitate the translocation

process. This is the RA phenomenon, firstly studied on a

Brownian particle escape dynamics [21–25], but never found

previously in molecule dynamics: the polymer, driven by

a periodic field oscillating at a period comparable with the

characteristic time of the crossing dynamics, reaches the

resonant regime that accelerates the translocation process.

For each of the frequency values, the thermal noise intensity

3
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(a)

(b)

(c)

Figure 3. PDF of the FTT. Each panel shows two PDFs, each one
characterized by a specific value of the noise intensity, namely
D = 1.0 and 4.0. The three panels differ for the frequency of the
forcing field, ω = 10−3, 10−2 and 3.0. Panel (a) shows the time
distribution in the low-frequency region. The long tails (see the
inset) indicate that the polymer crosses the potential barrier with a
longer mean time. In panel (b) the FTTs are distributed towards
shorter values, because of the lowest time scale characterizing the
translocation process in the RA regime. Panel (c) shows the
probability distribution for the high-frequency domain, where the
time scale is the same that is characterized by the presence of a
static potential.

D is able to speed up or slow down the crossing process

(figure 2), as observed by experiments on the temperature

dependence of the translocation time of DNA molecules

[7]. The resonant behaviour is not affected by an increase

of D and the corresponding translocation dynamics remains

unchanged.

The PDF of the first translocation time (FTT) is shown

in figure 3 for the three frequency values characterizing the

different dynamical domains. Each panel shows two PDFs,

each one characterized by a specific value of the noise intensity.

In the RA regime (figure 3(b)), the PDFs do not present the

long tail at higher crossing times, observed in figure 3(a).

Consequently, the MFTT reduces its value. The PDF, both

at low and high noise intensity, assumes an interesting two-

peak structure that suggests the presence of two characteristic

times of translocation. We have investigated the translocation

times characterizing the two molecular conformations with

which the polymer can surmount the barrier, by forming a

Figure 4. Snapshot of polymer translocation with the hairpin
configuration. The red and yellow lines indicate the minimum and
maximum of the potential profile, respectively; the green line
represents the finishing line of the translocation event.

hairpin or maintaining a linear shape [11, 31], finding that

the translocation times of polymers with hairpin conformation

are, on average, longer than those characterizing the linear

conformation. In particular, by analysing the coordinates of

the first, central and last bead of the chain molecule in the final

configurations for D = 1.0 and ω = 0.01, we have found

that about 67% of the total configurations, having FTTs in the

range of the second maximum in figure 3(b), are characterized

by hairpin conformations (see figure 4). This point, however,

deserves further investigations and will be the subject of a

forthcoming paper.

In the high-frequency domain (figure 3(c)), the PDFs show

the characteristic feature of the static potential case.

4. Conclusions

In this work we have investigated the translocation dynamics

of short polymers driven by an external oscillating field across

a potential barrier, in the presence of thermal fluctuations. We

find the first evidence of the RA phenomenon in polymer

crossing dynamics. The mean translocation time as a

function of the frequency of the driving field shows a

nonmonotonic behaviour, with the presence of a minimum,

which characterizes the resonant regime. An increase of

the thermal noise intensity causes a reduction of the mean

crossing times, as observed in experimental works, but leaves

the resonant behaviour unchanged. The driving periodic

electric field, jointly with the temperature of the system, can

speed up or slow down polymer translocation, acting as a

tuning mechanism to select a suitable translocation time of

the polymer. Moreover, our results show that a driving field

which oscillates at a given characteristic frequency can activate

the resonant regime of the polymer dynamics and further

reduce the mean times of translocation. This effect can be

of fundamental importance for all those experiments regarding

the cell metabolism, DNA–RNA sequencing and drug delivery

mechanism in anti-cancer therapy.
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