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Isoflux tension propagation (IFTP) theory and Langevin dynamics (LD) simulations are employed to study the
dynamics of channel-driven polymer translocation in which a polymer translocates into a narrow channel and the
monomers in the channel experience a driving force f.. In the high driving force limit, regardless of the channel
width, IFTP theory predicts T o ff for the translocation time, where 8 = —1 is the force scaling exponent.
Moreover, LD data show that for a very narrow channel fitting only a single file of monomers, the entropic force
due to the subchain inside the channel does not play a significant role in the translocation dynamics and the force
exponent 8 = —1 regardless of the force magnitude. As the channel width increases the number of possible
spatial configurations of the subchain inside the channel becomes significant and the resulting entropic force

causes the force exponent to drop below unity.
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I. INTRODUCTION

Starting with the seminal experimental works of Bezrukov
et al. [1] and Kasianowicz et al. [2] as well as the theoretical
study of Sung and Park [3], the understanding of the physi-
cal mechanisms behind the process of polymer translocation
through a nanopore has attracted considerable interest from
both experimental [4-12] and theoretical [3,13—-56] groups.
The process of polymer translocation has a wide variety of
applications in many different areas, ranging from gene trans-
fer between bacteria [57] and RNA transport through nuclear
membrane pores [58], over DNA sequencing and drug deliv-
ery [59-61], to the filtration of polyelectrolytes by entropic
ratchets [19].

The translocation of a polymer can be either driven
[15,25,34] or unbiased [18,24,27,33]. There exist several sce-
narios for the driven case, e.g., the external driving force can
be localized in the nanopore [25,34], can be due to inter-
action of chaperones [21,22] or active rods with the trans
side subchain [56], or can be applied on the head monomer
of the polymer (the end-pulled case [47]) by a magnetic or
optical tweezers [7,9,12,62,63] or even by an atomic force
microscope [64]. In the localized case in which the driving
acts on the monomer(s) inside the nanopore, the driving force
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may alternate [26,65-67] and the process may be influenced
by flickering of the nanopore [35,45]. The dynamics of the
translocation process for all of the above scenarios has been
theoretically described by the isoflux tension propagation
(IFTP) theory [15,25,34,45,56]. In particular, in Ref. [45] the
IFTP approach to pore-driven polymer translocation through a
flickering nanopore under an alternating external driving force
was studied for three different regimes of weak, moderate, and
strong driving.

In the weakly driven or unbiased cases the entropic force,
arising from the fact that the polymer chain can assume dif-
ferent configurations in space, plays an important role [3] and
makes a significant contribution to the translocation dynam-
ics. The spatial configurations of the chain can be controlled
either by external fields and/or by the presence of a confining
geometry [68,69]. An interesting realization occurs when the
nanopore is replaced by a long nanochannel and the polymer
is attracted into the channel by an external force acting on all
monomers inside the channel (the “chain sucker”) [36]. As
over time more monomers migrate into the channel, the net
external driving force inside the channel naturally increases.
In this case, due to the external channel driving force and the
confinement by the channel, the ¢rans side subchain possesses
fewer spatial configurations with respect to the free space
case. Consequently, the entropic force depends on both the
channel driving force f. and the channel diameter D, as we
will demonstrate below.

For a polymer traversing a pore of finite length L, the total
translocation time 7 comprises three separate parts and can be
written as T = 1 4+ 1, + 3. Here 1y, 172, and 13 correspond to
pore filling, traversing through the pore, and pore emptying,
respectively [70,71]. In the present work we focus on the case
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FIG. 1. (a) Chain configuration on the cis side after equilibration and before the filling process. The chain contour length and the channel
width are Ny = 100 and D, respectively. The external driving force f. acts on the monomer(s) inside the channel (defined to be the trans side
here) during the translocation process. (b) System configuration during the tension propagation (TP) stage when ¢ < #rp. Here R is the tension
front location, s is the number of monomers on the trans side (translocation coordinate), / is the number of beads under the propagating tension
on the cis side, and N is the number of all beads that are already influenced by the tension force. During the TP stage N = + s < Ny, as the
tension has not yet reached the chain end on the cis side. The chain part in gray is the polymer configuration at time zero, shown for comparison
of the polymer configuration at time ¢ with the one at time zero. (c) Same as (b) but for the postpropagation (PP) stage when ¢ > #rp. Here
the whole chain including the last bead of the cis side chain end has already experienced the tension force and N = [ + s = Ny. (d) Final

configuration of the chain at the end of the translocation process.

where the pore length L is much longer than the polymer
length Ny, i.e., L > Ny, and thus the pore filling time t; (see
Fig. 1) is identified as the translocation time. Accordingly,
the channel is considered to be the trans compartment in this
process [36]. By using extensive Langevin dynamics (LD)
simulations and the IFTP theory [25,34,42,45] we show that
in the strong channel driving force limit and in the absence of
the entropic force (or when the entropic force is much weaker
than the driving) the scaling form for the filling time is given
by 7 « fcﬂ , where 7, f,and B8 = —1 are the average transloca-
tion time, the force acting on each individual monomer inside
the channel, and the force scaling exponent, respectively. This
dependence is the same as in the short-pore-driven transloca-
tion in the high force limit [15]. We also verify this result with
LD simulations for a narrow channel that allows single-file
translocation only. Further, we demonstrate that when the
channel diameter D increases, the increased chain fluctuations
inside the channel can cause deviations from the narrow-pore
limit and the magnitude of the exponent 8 decreases.

With experimental setups similar to the scenario con-
sidered here, the genomic information has been visualized
by studying DNA conformations inside long confining mi-
crochannels or nanochannels [72-76]. We expect that a
comparison of such experiments with the observations re-
ported here may lead to a further quantitative testing of the
predictions of translocation theory.

The outline of the paper is as follows. We present details
of the simulation methods in Sec. II and introduce the IFTP
approach in Sec. III. Section IV is devoted to the results,
comparing IFTP predictions with the behavior observed in
the LD simulations. A summary and conclusions are given in
Sec. V.

II. LANGEVIN DYNAMICS SIMULATIONS

For numerical accuracy and efficiency we consider here a
two-dimensional system which is well justified for confined
systems in particular. We note that the theory contains the

general Flory scaling exponent that has different values in
two and three dimensions. The two-dimensional system under
consideration is composed of a linear, flexible self-avoiding
polymer modeled by a bead-spring model [77] and a rigid
membrane including a long channel as depicted in Fig. 1. The
interaction between any two bonded monomers is the sum of
the Weeks-Chandler-Anderson (WCA) and finitely extensible
nonlinear elastic (FENE) potentials. The WCA potential is the
repulsive

Uen () = {(l)]LJ(F) — Ury(re)

ifr<r.
ifr > re,

ey

where r, = 2!/6 is the cutoff radius and Uy ;(r) is the Lennard-
Jones (LJ) potential

o=+ ()] o

where ¢ is the depth of the potential well, o is the radius
of each monomer, and r is the monomer-monomer distance.

Nearest-neighbor monomers interact via the FENE potential
Ureng(r) = LR <1 - ﬁ) A3)

FENE(F) = — 5Ky R)

where Ry and k are the maximum distance allowed between
the neighboring monomers and the effective spring constant,
respectively. All nonbonded interactions are given by the
WCA potential. The contour length of the polymer in LJ units
is No = 100 and the channel length L = 200 is larger than Ny.
The simulation box dimensions are L, =400 and L, =
300 in the x and y directions, respectively, with periodic
boundaries in the y direction. The membrane walls inside and
outside the pore are made of spatially fixed (frozen) particles
located at distance o from each other (green dots in Fig. 1).
The interactions between monomers and frozen particles
(membrane and nanochannel particles) are governed by the
repulsive WCA potential. In Fig. 1(a) D denotes the channel
width that varies as D = 2, 3, 4.5, and 6 in the LD simula-
tions. The external driving force f, [depicted in Fig. 1(a) in
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blue], acts horizontally on each individual monomer inside the
channel and assumes the values f. = 0.2, 0.3, 0.5, and 1.2 (in
LJ units). The resulting dynamical equation for the position
vector r; of monomer i then reads

My; = —nr; — (VU) + §,(1), 4

where M is the monomer mass, n is the solvent friction
coefficient, and U; is the sum of all interactions of the ith
monomer. Here &; represents a thermal white noise vector
with zero mean (§;(r)) = 0 and correlation (&,(7) - §;(t")) =
4nkgT8;;8(t — '), where kg and T are the Boltzmann con-
stant and temperature, respectively, §;; is the Kronecker, and
8(¢t — t") is the Dirac delta function. Moreover, o, M, and ¢ are
used as the units of length, mass, and energy, respectively. The
diameter of the monomers is o = 1, and this also determines
the size of each channel or membrane particle. The mass
of each monomer and other particles in the system is given
by M = 1. We choose ¢ =1, n = 0.7, and kg7 = 1.2. The
time unit for the simulations is defined as 1) = \/Mo2/e. The
maximum allowed distance between two bonded monomers is
Rp = 1.5, and k = 30 is the spring constant.

All LD simulations were performed by using the LAMMPS
[78] package. In our model the size of each bead is about
1.5 nm in real units, which corresponds approximately to the
Kuhn length of single-stranded DNA, the mass of each bead is
about 936 amu, and the strength of interaction is 3.39x 1072! J
at T =295 K (room temperature). Therefore, the force and
timescales in LJ units are approximately 2.3 pN and 32.1 ps,
respectively.

Within IFTP theory below we use dimensionless quanti-
ties, denoted by the tilde, as ¥ = ¥/Y,. Here the denominator
indicates the units of time, length, monomer flux, veloc-
ity, force, and friction as f, = no?/(kgT), su=0, ¢y =
keT/(no?), v, = o /t, = kgT /(no), f, = kT /0, and T, =
n, respectively. The parameters without the tilde symbol are
expressed in LJ units.

Before the actual translocation process, the head monomer
of the polymer chain is fixed in the center of the entrance
of the channel (pore) and the polymer is equilibrated. Then
the fixed head monomer is released and at the same time the
external channel driving force f. is switched on. To obtain
sufficient statistics, averaging is performed over 1000 uncor-
related trajectories. Figure 1(a) shows a typical equilibrium
state of the polymer chain (from LD simulations) just before
starting the translocation process. Figures 1(b) and 1(c) cor-
respond to the tension propagation (TP) and post propagation
(PP) stages, respectively. Finally, Fig. 1(d) presents the config-
uration of the chain inside the channel just at the termination
of translocation process, which equals the filling time 7y =t
here. In the TP stage presented in Fig. 1(b) ¢ < t1p, as the
chain translocates into the channel by the external channel
driving force f, acting on each individual monomer inside
the nanopore, tension propagates along the backbone of the
subchain on the cis side. The snapshot, at time ¢, in Fig. 1(b)
shows that s monomers (in blue) have translocated into the
channel, while [ monomers (in red) on the cis side have been
influenced by the tension force and are moving towards the
channel, i.e., N = s + [ is the number of all monomers that
have been influenced by the tension force up to time #. The

remaining Ny — N monomers are at equilibrium and have zero
net velocity (monomers in black). In the TP stage, as the
tension force has not reached the chain end, we thus have
N=s+1<N.

The picture above shows that the subchain on the cis side
can be divided into two parts, a mobile part (in red) and
an equilibrium part (in black). The location of the tension
front, that is, the border between the mobile and equilibrium
parts, is specified by R. The gray monomers represent the
configuration of the polymer at time zero, for comparison of
the polymer configurations at times ¢ and zero. The snapshot
of the system (from LD simulation) is shown in Fig. 1(c)
for ¢t > t1p. At time fyp, the tension propagation time, the
tension reaches the chain end on the cis side, and by that
time all monomers of the chain have already been influenced
by the tension force, i.e., N =1 4+ s = Ny. Finally, Fig. 1(d)
illustrates the configuration of the chain just at the termination
of the translocation process, when the entire polymer chain
has been translocated inside the trans side nanochannel.

III. ISOFLUX TENSION PROPAGATION THEORY

The quantitatively accurate IFTP theory can be employed
to describe the dynamics of the translocation process for
the channel-driven case. To this end we generalize the IFTP
theory by considering the effective force acting on the
monomer(s) located just at the entrance of the channel. The
dynamics of the translocation process can be unraveled by
solving the equation of motion for the time evolution of the
translocation coordinate § within the isoflux (IF) approxima-
tion for the monomer flux ¢ = d5/df. In the IF approximation
the monomer flux in the mobile part of chain [cis side, red
monomers in Figs. 1(b) and 1(c)] is spatially constant but
evolves in time.

To obtain the equation of motion for §, the tension force
F(%,7) at the distance % from the channel entrance on the
cis side is needed. Integrating the local force-balance equa-
tion dF (%', 7) = —@(f)dx’ over the distance from the channel
entrance at ¥’ = 0 to the distance ¥ = X from the channel
entrance, the tension force at distance X on the cis side is
written as F (%, 7) = Fy — %p(7), where Fy = f(7) — 7j.¢(7) is
the tension force just at the entrance of channel on the cis side
in terms of the channel friction coefficient 7). and the effective
force f(7) acting on the monomer(s) just inside the entrance
of the channel (see the discussion below and the schematic
in Fig. 2). Using the fact that the tension force vanishes at
the tension front, i.e., IF‘()”C = R,7) = 0, the tension force just
at the entrance of channel is related to R via Fy = R(7)d (7).
Combining this with the definition of the monomer flux, the
equation of motion for the translocation coordinates § is ob-
tained as

[R) + 7% = ). )

dt
The expression in square brackets is the effective friction and
is the sum of friction due to the cis side mobile subchain
R(f) and the channel friction .. To solve the above equation,
the time evolution of f(7) and R(7) must be known. We first
explain how f(f) can be obtained numerically and then the
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FIG. 2. (a) Normalized effective force f(t)/f. as a function of normalized time ¢ /7, for fixed channel driving force f; = 1.2, evaluated for
the channel widths D = 2.0 (orange triangles), 3.0 (green diamonds), 4.5 (red squares), and 6.0 (black circles). Turquoise solid and dashed
lines are fitting curves to the normalized forces in the TP and PP stages, respectively (see the text). (b)—(d) Same as (a) but for f, = 0.5, 0.3,

and 0.2, respectively.

equation of motion for the time evolution of R(f) can be
extracted within the IF approximation.

We performed extensive LD simulations to obtain the ef-
fective driving force f(z), which is the force experienced
by the monomer inside the channel entrance (i.e., the x
component of its position is in the region —0.5 < x < 0.5).
The channel driving force f., the force fi; due to the other
monomers inside the channel in the region of x > 0.5, and
the interaction between the channel wall particles and the
monomer(s) inside the entrance of the channel contribute to
the total effective driving force f(r). The contribution of fi;
to the driving is the combination of the FENE-bond force and
nonbonded repulsive LJ interactions (WCA).

Figure 2(a) presents the normalized effective driving force
f(@t)/fe as a function of the normalized time ¢/t, where T
is the translocation time, for constant channel driving force
fe = 1.2 and for the channel diameters D = 2, 3, 4.5, and
6. For each set of parameters the effective driving force is
obtained by averaging over 1000 uncorrelated trajectories.
Figures 2(b)-2(d) are the same as Fig. 2(a) but for the channel
driving forces f. = 0.5, 0.3, and 0.2, respectively. We can
see from Fig. 2 that data for fixed f. collapse on a master
curve. The effective force f(¢) first linearly grows and reaches
its maximum and then decreases. The maximum occurs at
the tension propagation time trp for all curves. This has
been checked by considering the bond length distributions
in Appendix A (see Fig. 9) and also by looking at the aver-
age velocity distributions of monomers in Appendix B (see
Fig. 10) at different instants during the translocation process.
Both bonds and velocity distributions confirm that for all sets
of parameters the PP stage starts around time f1p ~ 0.77. As
Fig. 2 shows, in the TP and PP stages the driving force can be
written as

fro@ _ b

C

fPP~(t) _ . df, ©)

C

respectively. For strong channel driving force f, = 1.2 in
Fig. 2(a), the values of the constants are a = 1.61, b = 29.46,
¢ =52.74, and d = 41.07, and for weaker channel driving
forces the values of a, b, ¢, and d can be found in the cor-
responding panels. At the tension propagation time trp, the
values of the effective forces in the TP and PP stages should be

equal (continuity condition), i.e., frp(f = trp) = fpp(f = trp).
Consequently, frp = QF, where Q = (¢ —a)/(b + d), with
the approximate value of 0.7.

Based on the time evolution of the total effective driving
force f(7), one can solve the effective force-balance equation
(5), provided the time evolution of the tension front location
R(f) is known. The equation of motion for R(7) in the TP stage
is obtained by comparing the average spatial configurations of
the chain at time zero [typical chain configuration in gray at
time zero in Fig. 1(b)] and at time 7 [typical chain configu-
ration in blue, red, and black in Fig. 1(b)]. The number of
those monomers that at equilibrium (at time zero) are located
between the entrance of the channel and the tension front (at
time 7) is, on average, the same as the number of monomers
influenced by the tension force by the time 7, i.e., N =5 + 1,
the sum of the monomers in blue inside the channel and the
mobile monomers in red on the cis side at time 7. Then in
equilibrium the size of the subchain that occupies the region
between the entrance of the channel and the tension front is
R. Therefore, according to Flory theory, one can write the
end-to-end distance devoted to this portion of the polymer
chain as R = A,N". Combining this end-to-end distance with
the fact that N = § + [ and taking the time derivative of both
sides of R = A, (5 + )" in the strong stretching (SS) regime
where the mobile subchain on the cis side is fully straightened
(7 =R), the equation of motion for the tension front location
in the TP stage is obtained as

2 VARG ()
R(t) = 1/1) ~ o~ k]
1 — vAY"R@)o-Drv

(N

where the definition ¢ = d5/df of the monomer flux has been
used. Conversely, in the PP stage, in which the tension has
reached the chain end on the cis side, the closure relation
is N =5+1 = N,. Performing the time derivative on both
sides of this closure relation in the SS regime, in which =R,
yields the equation of motion for the tension front,

R(@) = —¢(). ®)
To have a full solution, in the TP stage equations (5) and (7)

need to be solved self-consistently, while the PP stage is based
on Egs. (5) and (8).
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FIG. 3. (a) Normalized waiting time w/t as a function of the translocation coordinate s, for fixed value f. = 1.2 of the channel driving
force and the channel widths D = 2.0 (orange triangles), 3.0 (green diamonds), 4.5 (red squares), and 6.0 (black circles). Orange solid, green
dashed, red dash-dotted, and black dash—double-dotted lines represent the IFTP results in the strong stretching regime for channel widths
D =2.0,3.0,4.5, and 6.0, respectively (not shown in the legend). (b)—(d) Same as (a) but for f. = 0.5, 0.3, and 0.2, respectively. (e)—(h) Same
as (a)—(d), respectively, but for the unnormalized waiting time distribution w as a function of s. The values of the channel friction coefficients
in the IFTP theory have been chosen as n. = 4.3, 3.0, 2.5, and 2.3, corresponding to different channel widths D = 2, 3, 4.5, and 6, respectively

[39].

IV. RESULTS

This section is devoted to the presentation of the results
from the IFTP theory and LD simulations for the translocation
dynamics at both the monomer and global levels. To this end,
the waiting time distribution, translocation time, monomer
mean-square displacement, and the monomer density are in-
vestigated.

A. Waiting time distribution

One of the most important quantities that reveals the dy-
namics of the translocation process at the monomer level is
the distribution w of waiting times (WTs), the time that each
bead spends at the entrance of the nanochannel (specifically
when the x component of the position vector of the corre-
sponding bead is in the region —0.5 < x < +0.5) during the
translocation process. Figure 3(a) shows the normalized WT
distribution w/7 as a function of the translocation coordinate
s, for fixed value f, = 1.2 of the driving force and the channel
widths D = 2.0 (orange triangles), 3.0 (green diamonds), 4.5
(red squares), and 6.0 (black circles). Orange solid, green
dashed, red dash-dotted, and black dash—double-dotted lines
represent the IFTP results in the SS regime for channel widths
D = 2.0, 3.0, 4.5, and 6.0, respectively (not shown in the
legend). Figures 3(b)-3(d) are the same as Fig. 3(a) but for
fe =0.5,0.3, and 0.2, respectively. The values of the channel
friction coefficients that have been used in the IFTP theory are
ne = 4.3, 3.0, 2.5, and 2.3, corresponding to different channel
widths D = 2, 3, 4.5, and 6, respectively [39].

We can conclude from the data that the results of the
IFTP theory increasingly deviate from the LD data as the
value of the driving force decreases. This happens due to the
fact that here we only consider the SS regime (the mobile
subchain in the cis side is fully straightened) in IFTP theory
in the absence of the entropic force. This discrepancy can be
resolved in the weak and intermediate force regimes by taking
the entropic force into account. There the spatial shape of the

mobile subchain on the cis side assumes the so-called trumpet
and stem-flower shapes [34,42], respectively, However, this is
beyond the scope of the present study. However, the global
dynamics of the translocation process is well explained by the
IFTP theory in the high force limit (here f, = 1.2) by the SS
regime.

In Figs. 3(e)-3(h), which correspond to Figs. 3(a)-3(d),
respectively, the unnormalized WT distribution w is shown as
a function of s. As seen in Fig. 3(e), regardless of the channel
width, for the highest value f. = 1.2 of the driving force
the WT monotonically decreases as s increases. For smaller
values of the driving force f. < 0.5 the WT curve is no longer
monotonic and a hump appears for small s. This effect is more
pronounced either by decreasing the value of the driving force,
from Fig. 3(f) to Fig. 3(h), or at constant driving force, i.e., in
each of Figs. 3(f)-3(h), by decreasing the channel width from
D=6toD =2.

The reason for the monotonicity of the WT curve in
Fig. 3(e) is that for strong driving with f. = 1.2, at the begin-
ning of the translocation process the tension propagates very
fast and the subchain in the vicinity of the channel entrance
resists the driving force. This leads to the large value of the
WT at the beginning of the process. At later moments, when
more monomers traverse the channel entrance, the total net
force acting on the trans side subchain increases and the
value of the WT decreases. Therefore, for strong driving the
WT monotonically decreases. On the other hand, for weaker
driving force in Figs. 3(f)-3(h), at the very beginning of
the translocation process, the entropic force due to spatial
fluctuations of the cis side chain configurations that resists
translocation is more pronounced for the wide channels, lead-
ing to the larger WT for the channel with D = 6 and smaller
values for D = 2 [asterisks in Fig. 3(h)]. Then with time more
monomers experience the friction due to the mobile part of the
cis side subchain, while the driving is not strong and s does
not increase fast enough. Consequently, the WT increases at
the starting moments of the translocation process. At the later
time, as enough monomers have already traversed the channel
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FIG. 4. (a) Translocation time 7 as a function of the channel
driving force f., for channel widths D = 2.0 (orange triangles), 3.0
(green diamonds), 4.5 (red squares), and 6.0 (black circles). The
orange dashed and black dash-dotted lines are fits to the data with
D = 2.0 and 6.0, respectively, but shifted for better visibility. The
inset shows the force exponent B of the scaling form t o f# as a
function of the channel width D. (b) Translocation time 7 as a func-
tion of D, for f. = 0.2 (orange triangles), 0.3 (green diamonds), 0.5
(red squares), and 1.2 (black circles). The inset shows the normalized
translocation time t/t(D = 2) as a function of D.

entrance, the net effective driving force becomes large enough
to accelerate the translocation process and therefore the WT
decreases. At constant driving force, the nonmonotonicity in
the WT curves is more pronounced with decreasing channel
width. This is due to the fact that decreasing channel width
increases the effective channel friction making the transloca-
tion dynamics slower and thus the hump in the WT curve is
more pronounced.

B. Scaling of translocation time

The fundamental quantity that reveals the global dynamics
of the translocation process is the translocation time 7, which
is the average time for the whole chain to enter the channel
and fully translocate to the trans side channel of the system. In
Fig. 4 we show the translocation times t from LD simulations.
In Fig. 4(a) t is shown as a function of the driving force f,
for the channel diameters D = 2 (orange triangles), 3 (green
diamonds), 4.5 (red squares), and 6 (black circles). The orange
dashed and black dash-dotted lines are fits to the data with
D = 2 and 6, respectively, but shifted for better visibility. The
inset shows the force exponent B8 from the scaling relation
T X fcﬁ as a function of D. The exponent 8 approaches —1
as the channel width decreases to 2. In Fig. 4(b) t is shown
as a function of D for f, = 0.2 (orange triangles), 0.3 (green
diamonds), 0.5 (red squares), and 1.2 (black circles). In the
strong force limit, i.e., for f, = 1.2, T does not change appre-
ciably (black circles), while for the weakest force f. = 0.2 the
translocation time increases as the channel width decreases
(orange triangles). This is confirmed in the inset of Fig. 4(b),
where the normalized translocation time t /7 (D = 2) is shown
as a function of D on a log-log scale. The symbols in the inset
are the same as those of the main Fig. 4(b).

The scaling form for the translocation time can be analyt-
ically obtained from IFTP theory in the SS limit. To this end

one needs to integrate N in the TP stage from 0 to Np, and in
the PP stage R should be integrated from R(Ny) to 0. These in-
tegrals are performed by combining the mass conservation in
the TP stage, N = 5 + [, and in the PP stage, N = 5 + [ = N,
with Eq. (5) [42]. Then, summing up the TP and PP times, the
relation for 7 is given in the form [56]

T Ny
fep(D)di = / dN[R(N) + ], (9)

fTP o
[ Fwoar+ |
0 ftp 0
where frp(7) and fpp(f) are determined by Eq. (6). Combining
Egs. (9) and (6) and using the closure relation R = A,N",
where A, = 1.1 (from LD data) for the end-to-end distance
in the TP stage and v = 3/4 is the Flory exponent in two
dimensions, the translocation time is given by [56]

AVNI-HJ B
T= |: l—if)v +N077c}/(ch), (10)

where G = —0.5(c —a)’/(b+d)+c—d/2~13.7 for
Fig. 2(a). Equation (10) shows that the translocation time
scales with the channel driving force as 7 fc’l, i.e., for
the SS regime the force exponent is 8 = —1. Moreover, the
effective translocation exponent « that is defined via T o Ny
is bounded between 1 and 1 + v, ie., 1 <a < 1+ v, due to
the competition between the two terms in square brackets in
Eq. (10), in which the first and second terms originate from
the cis side and channel frictions, respectively. The lower and
upper bounds are assumed in the very short and very long
chain limits, respectively [42].

To compare the scaling result of Eq. (10) with the LD
simulation data, the inset of Fig. 4(a) shows the force exponent
B from LD as a function of the channel width D. As the
channel width decreases  moves closer to —1. The reason
for this is that as an increasing channel diameter allows more
pronounced spatial fluctuations of the trans side subchain,
leading to an increased entropic force. Consequently, the force
exponent B changes as a function of the channel diameter.
For the minimum channel width D = 2 the force exponent
assumes its ideal value 8 = —1, due to negligible configu-
rational fluctuations of the subchain on the trans side [see
Fig. 4(a)]. This is the value in Eq. (10) from IFTP theory.
Moreover, as shown in the inset of Fig. 4(a), increasing the
channel width changes the value of the force exponent to-
ward its asymptotic value B ~ —0.9 for a very wide channel,
corresponding to a half space with infinite D [39]. It should
mentioned that at high channel driving forces the force expo-
nent approaches § = —1 regardless of the channel width, as
in this limit the value of the driving force by far exceeds the
entropic one.

To investigate the effect of the entropic force on the translo-
cation time, the inset of Fig. 4(b) shows the normalized
translocation time 7/t(D = 2) as a function D for various
values of f.. As can be seen, the deviation of T from the value
for D = 2 (when the entropic force is negligible due to the
small configurational fluctuations of the trans side subchain)
grows with increasing D. This is more pronounced at weaker
driving forces, again due to the fact that by increasing D the
entropic force plays a more important role.
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FIG. 5. (a) Probability distribution P(7) of translocation times as a function of translocation time 7, for fixed channel width D = 6.0 and
channel driving force f. = 1.2 (black bars), 0.5 (red bars), 0.3 (green bars), and 0.2 (blue bars). (b)—(d) Same as (a) but for D = 4.5, 3.0, and
2.0, respectively. (e) Probability distribution P(7) as a function of 7, for fixed f, = 1.2 and D = 6.0 (black bars), 4.5 (red bars), 3.0 (green
bars), and 2.0 (blue bars). (f)—(h) Same as (e) but for f. = 0.5, 0.3, and 0.2, respectively. All panels are in log-linear scale. (i) Normalized
standard deviation o /7 as a function of f, for D = 2.0 (orange triangles), 3.0 (green diamonds), 4.5 (red squares), and 6.0 (black circles). (j)
Normalized standard deviation ¢ /7 as a function of D for f. = 2.0 (orange triangles), 0.3 (green diamonds), 0.5 (red squares), and 1.2 (black

circles).

C. Distribution of translocation times

We next study the effect of the channel driving force f,
as well as the channel diameter D on the distribution P(t) of
translocation times 7. Figure 5(a) shows P(t) as a function
of t for fixed contour length Ny = 100 and channel width
D = 6, for the channel driving force values f, = 1.2 (black
bars), 0.5 (red bars), 0.3 (green bars), and 0.2 (blue bars).
Figures 5(b)-5(d) are the same as Fig. 5(a) but for channel
widths D = 4.5, 3, and 2, respectively. As can be seen in
each panel, decreasing channel driving force increases the
mean translocation time, and P(t) becomes wider (note the
logarithmic scale on the horizontal axis). This is again due
to the fact that decreasing f, allows more substantial spatial
fluctuations of the mobile subchain on the cis and trans sides.
Consequently, the fluctuations of translocation times increase
as well. In Fig. 5(e) P(t) is shown as a function of 7 for a
fixed value of f. = 1.2 and for channel widths D = 6.0 (black
bars), 4.5 (red bars), 3.0 (green bars), and 2.0 (blue bars).
Figures 5(f)-5(h) are the same as Fig. 5(e) but for channel
driving forces f. = 0.5, 0.3, and 0.2, respectively. As can
seen from Figs. 5(e)-5(h) decreasing f, leads to increasing
separation of the distributions in each panel.

To quantify the distinctions, in Fig. 5(i) the normalized
standard deviation o/t is shown as a function of f; for the
channel widths D = 2.0 (orange triangles), 3.0 (green dia-
monds), 4.5 (red squares), and 6.0 (black circles). Moreover,
Fig. 5(j) shows o/t as a function of D for the driving forces
fe = 0.2 (orange triangles), 0.3 (green diamonds), 0.5 (red
squares), and 1.2 (black circles). As can be clearly seen, in

Fig. 5(i) at constant D the change in ¢ /T is more pronounced
by increasing f. as compared to its change at constant f;, when
increasing D in Fig. 5(j).

D. Mean-square displacement

Next we consider the dynamics of the translocation process
in more detail by monitoring different parts of the chain mo-
tion as a function of time. To this end the x component of the
positions of the head monomer (the first monomer of the chain
in terms of the chemical distance along the chain), the front
monomer (leading edge of the chain in physical space, i.e., the
monomer with the largest x coordinate), the center of mass of
the whole chain (CM), and the center of mass for the trans side
subchain (CMy;), as well as the corresponding mean-square
displacements (MSDs), are studied. Figure 6(a) shows the
absolute value of the ensemble average of the x component
of the position (|(x)|) of the head monomer (black squares),
front monomer (red circles), CM (green diamonds), and CMy
(blue triangles) as a function of normalized time ¢ /7 in log-log
scale and for fixed f. = 1.2 and D = 6.0. Figure 6(b) is the
same as Fig. 6(a) but for fixed value of f. = 0.2. Figures 6(c)
and 6(d) are the same as Figs. 6(a) and 6(b), respectively, but
for fixed D = 2.0. As (x) has negative values due to the local
retracting movement of the monomers to the cis side at short
times, this feature appears in Figs. 6(a)-6(d) as sharp valleys.
These fluctuations clearly show that during the translocation
process the monomers have back-and-forth movements at the
entrance of the channel. The insets in Figs. 6(a)-6(d) present
(x) as a function of #/7 on a linear-linear scale for the same
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FIG. 6. (a) Absolute value of the horizontal ensemble average of the position |(x)| of the head (black squares), front (red circles), center
of mass of the whole chain (CM) (green diamonds), and center of mass for the zrans side subchain (CM.y,) (blue triangles) as a function of
the normalized time 7/t in log-log scale for fixed values of the channel force f. = 1.2 and channel diameter D = 6.0. The inset shows (x) as
a function of ¢/t in linear-linear scale for the same values of the parameters as in the main panel. (b) Same as (a) but for f. = 0.2. (c) and
(d) Same as (a) and (b), respectively, but for D = 2.0. (¢) Ensemble-averaged MSD as a function of normalized time ¢/t for the head (black
line), front (red line), CM (green line), and CM,y, (blue line) as a function of 7/t for f. = 1.2 and D = 6.0. (f) Same as (e) but for f. = 0.2.
(g) and (h) Same as (e) and (f), respectively, but for D = 2.0. The dashed lines and the slopes serve as a guide to the eye. (i)—(1) Variance
((8x)%) = (x*) — (x)? as a function of /7. (m)—(p) Time-averaged MSD, MSD,_,., as a function of ¢ /7. All slopes in (a)-(p) are a guide to the
eye.
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values of parameters as in the corresponding main panels, for
the head monomer (black squares) and front monomer (red
circles) coincide with each other. Moreover, at short times the
values of CM,y (blue triangles) are the same as the values of
the data for the head and front monomers; however, at long
times its behavior is similar to that of CM.

In Fig. 6(e) the MSD ([x(¢) — x(0)]?) is shown as a func-
tion of the normalized time 7/t with fixed values f. = 1.2
and D = 6.0 for the head monomer (black solid line), front
monomer (red solid line), CM (green solid line), and CMy,
(blue solid line). Figure 6(f) is the same as Fig. 6(e) but
for fixed f. = 0.2. Figures 6(g) and 6(h) are the same as
Figs. 6(e) and 6(f), respectively, but for fixed D = 2.0. As seen
in Figs. 6(e)-6(h), the behaviors of the MSD for the head,
front, and CMy are similar to each other in almost all time
regimes. At the very short times their local slope is 4, followed
by 0.75 in the short time regime, then 2 and 1.5 at intermediate
times, and finally 2.5 at long times. In contrast, the MSD
for CM is different from the other MSDs in different time
regimes. Indeed, the MSD slopes for CM are 2, 1, and 4 at
very short, intermediate, and long time regimes, respectively.

Figure 6(i) shows the variance of the x component
((8x)?) = (x?) — (x)? as a function of normalized time ¢ /7,
with fixed f. = 1.2 and D = 6.0, for the head monomer (black
solid line), front monomer (red solid line), CM (green solid
line), and CMy, (blue solid line). Figure 6(j) is the same
as Fig. 6(i) but for fixed f. = 0.2. Figures 6(k) and 6(1) are
the same as Figs. 6(i) and 6(j), respectively, but for fixed
D = 2.0. The behavior of the variance for the head, front, and
CM,y in Figs. 6(e)-6(h) are again similar to each other. The
slopes of the variance are 3, 4, 0.75, 2, and 1.5 at very short,
short, intermediate, and long times, respectively. Conversely,
for CM (green line) the slope is zero and becomes 3 at long
times. All slopes in Figs. 6(a)-6(p) are a guide to the eye.

Finally, we consider the time-averaged MSD MSD (4.
computed as a running average over single trajecto-
ries [79,80]. Sampling positions as the time series
x(0), x(A1), x(2At), x(3At), ..., x[(n — 1)At] with time
step At, MSDy . at (lag) time jAt is defined as

n—1—j

MSDeae (/AN = -— Dl + DA = x(ADY,

! (11
where j=1,2,3,...,n— 1. In equilibrium systems (up
to a factor of 2 occurring naturally due to the definition
of MSD. [81]) and systems with stationary increments
MSDy 4y converges to the ensemble-averaged MSD MSD =
([x(t) — x(0)]?). Given small numbers of independent trajec-
tories, the statistics of MSD . for sufficiently long time
series are often better than the ensemble-averaged MSD. For
finite trajectories the time-averaged MSD fluctuates from one
trajectory to the next, as often measured in terms of the
ergodicity breaking parameter [82]. In weakly nonergodic
systems [80,82,83] the time-averaged MSD may differ from
the ensemble-averaged MSD even in the limit of long mea-
surement times.

To check the above argument, in Fig. 6(m) MSDy 4. is
shown as a function of normalized time ¢/t with fixed f, =
1.2 and D = 6.0 for the head monomer (black solid line), front

monomer (red solid line), CM (green solid line), and CMy
(blue solid line). Figure 6(n) is the same as Fig. 6(m) but for
the fixed value f, = 0.2. Figures 6(o) and 6(p) are the same
as Figs. 6(m) and 6(n), respectively, but for a fixed value of
D =2.0.

As Figs. 6(m)-6(p) clearly show, in the long time limit
the data on all curves scale like 2. At very short times for
CM,y, the time-averaged MSD scales as MSDy_ye ~ ¢!, while
it scales as 1% for the head, front, and CM. Moreover, in
Figs. 6(n) and 6(p) in the weak force limit (f, = 0.2) another
intermediate scaling regime appears in which the time-
averaged MSD for CM,y; scales as t°7°. The time-averaged
MSD analysis may thus provide additional information on the
details of translocation processes; however, a more detailed
study of the relation between ensemble- and time-averaged
MSDs is beyond the scope of the present work.

E. Monomer density

Finally, we study the time evolution of the monomer den-
sity. It reveals the average spatial configuration of the polymer
during the translocation process. In Fig. 7(a) the monomer
density is shown for the maximum channel width Dy,,x = 6
and channel driving force f. = 1.2 at the times t = 0, 0.27,
0.47, 0.67, and 0.8t during the translocation process and for
the final configuration. Averaging has been performed over
1000 independent trajectories. For the sake of better visibil-
ity, a blowup of the channel is added underneath the actual
narrow channel. Inside the channel the size of the cells in
the y and x directions is normalized by Dy, and Ny, respec-
tively. At time zero the whole chain is on the cis side, and
as the first bead is fixed at the entrance of the channel the
polymer possesses an average pearlike shape. Over time more
monomers traverse the channel entrance. At all moments of
the translocation process the density of monomers around the
corners of the channel entrance is higher than that along the
channel axis due to the high driving force. At constant channel
width Dp,x = 6 when the channel driving force decreases to
fe = 0.2 [Fig. 7(b)], the monomer density is more pronounced
along the channel axis.

Figures 7(c) and 7(d) are the same as Figs. 7(a) and 7(b),
respectively, but for channel width D = 2. A comparison of
Figs. 7(c) and 7(d) reveals that by decreasing the channel
width to D = 2, the narrowest one in the present study, as
the monomers inside the channel do not have enough space
in the y direction to perform significant spatial fluctuations,
one finds them sharply around the channel axis, regardless of
the value of the channel driving force. Moreover, it should be
noted that the value of the monomer density in Figs. 7(c) and
7(d) is twice that in Figs. 7(a) and 7(b) (see the color bar).

V. SUMMARY AND CONCLUSIONS

In this work we have combined IFTP theory with extensive
LD simulations to unravel the dynamics of polymer translo-
cation into a long channel. The axial driving force f. in this
chain sucker scenario [36] acts on all monomers inside the
channel, away from the pore (entry point of the channel), and
the monomers inside the channel thus pull the other monomers
on the cis side along. When the channel width D is wide
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FIG. 7. (a) Two-dimensional monomer density of the chain on the cis as well as trans side at different times ¢/t = 0, 0.2, 0.4, 0.6, and 0.8,
as well as the final configurations of the chain, for fixed values of the channel width D = 6.0 and f. = 1.2. Inside the channel the horizontal
(parallel to the channel axis) and vertical distances are normalized by Ny = 100 and D,,,x = 6.0 (where D, is the maximum channel width),
respectively. The monomer density of the frans side (channel) is also shown in a separate magnified panel below the actual much narrower
channel for better visibility. (b) Same as (a) but for the weakest channel driving force in our LD simulations (f. = 0.2). (c) and (d) Same as
(a) and (b), respectively, but for the narrowest channel in the LD simulations (D = 2.0).

enough to allow the polymer to fluctuate in the channel, an
entropic force due to the spatial fluctuations of the trans side
subchain starts to play a role in the translocation dynamics
when its magnitude becomes comparable to that of the driving
force. Our analysis demonstrates how the trans side entropic
force depends on the values of both D and f, as the spatial
configuration of the frans side subchain is determined by both.

To further verify this, in Fig. 8(a) the horizontal size of
the last configuration of the chain inside the channel R|
is shown as a function of D for the channel driving force
fe = 1.2 (turquoise circles), 0.5 (orange squares), 0.3 (green
diamonds), and 0.2 (pink triangles). The black solid curve is
shown as a guide to the eye and depicts the scaling exponent
for the equilibrium configuration of the chain inside a channel
with width D. From blob theory the equilibrium axial chain-
size exponent is —1/3 in the absence of any channel driving
force Ry o« D~1/3 [69]. As the driving force increases the axial
chain-size exponent deviates from its equilibrium value of
—1/3. Moreover, Fig. 8(b) shows that at constant D, the value
of Ry also depends on f. Therefore, Figs. 8(a) and 8(b) clearly
confirm that R depends on both f. and D, and it is hard to
separate the effect of their individual contributions to Rj. In
particular, the contributions of f. and D to the entropic force
are coupled to each other.

The only case in the present study wherein the frans side
entropy does not play any significant role in the translocation
dynamics is for the narrow channel width D =2, and the
corresponding LD result for the force exponent is 8 = —1
[orange dashed line in Fig. 4(a)], as predicted by IFTP theory
wherein the contribution of the entropic force is not taken
into account [see Eq. (10)]. As the value of D increases, the

trans side subchain possesses more spatial configurations and
entropic force effects on the dynamics of translocation process
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FIG. 8. (a) Horizontal size R of the final chain configuration at
the end of the translocation process, as a function of the channel
width D, for the channel driving forces f. = 1.2 (turquoise circles),
0.5 (orange squares), 0.3 (green diamonds), and 0.2 (pink triangles).
As can be seen, all fitted slopes are far from the equilibrium behavior
(for f. = 0) with size exponent —1/3 (black solid curve as a guide to
the eye). (b) Horizontal size R as a function of f; for channel widths
D = 6 (turquoise circles), 4.5 (orange squares), 3 (green diamonds),
and 2 (pink triangles), with the corresponding values of the exponents
0.034, 0.067, 0.86, and 0.093, respectively.
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FIG. 9. (a) Normalized bond length [y, /1, cquii as a function of the bond index b for fixed channel driving force f. = 1.2 and channel widths
D = 6.0 (closed symbols), 4.5 (vertical hatching), 3.0 (horizontal hatching), and 2.0 (crosshatching), at times /7 = 0.2 (black circles), 0.4
(red squares), 0.6 (green diamonds), 0.7 (blue up-pointing triangles), and 0.8 (orange down-pointing triangles). (b)—(d) Same as (a) but for
f. = 0.5, 0.3, and 0.2, respectively. Open circles approximately show the bond index inside the entrance of the channel at the corresponding
times. Here , cquii & 0.96 is the equilibrium average value of the bond length.

are more pronounced, and consequently 8 deviates from —1
[see the inset of Fig. 4(a)].

Our study has unveiled a rich behavior of the observed
translocation dynamics as a function of the system parameters
of channel-driven translocation. Such scenarios are important
for experimental systems such as long micro- or nanochan-
nels that confine the DNA and apply flows along the channel
[72-76].
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APPENDIX A: BOND LENGTH DISTRIBUTION

One of the quantities that show the dynamics of the
translocation process at the monomer level is the bond length
distribution. In Fig. 9 the normalized bond length I/l equil 1S
shown as a function of the bond index b for constant chan-
nel driving force f. = 1.2 and different channel widths D =

6.0 (closed symbols), 4.5 (vertical hatching), 3.0 (horizon-
tal hatching), and 2.0 (crosshatching) at the times /7 = 0.2
(black circles), 0.4 (red squares), 0.6 (green diamonds), 0.7
(blue up-pointing triangles), and 0.8 (orange down-pointing
triangles). Here [y equii = 0.96 is the average value of the bond
length at equilibrium and t is the average translocation time
for the corresponding set of parameters. Figures 9(b)-9(d) are
the same as Fig. 9(a) but for channel driving forces f. = 0.5,
0.3, and 0.2, respectively. As can be seen, at the beginning
of the translocation process fewer bonds are affected by the
tension force as compared to later times. At the TP time of
about trp = 0.77, all bonds in the polymer on average are
stretched by the tension force. This is clearly shown by the
blue curves in all panels of Fig. 9. As the channel driving
force gets weaker [from Fig. 9(a) to Fig. 9(d)] the bonds are
less stretched by the tension force. This is further confirmation
for the existence of TP along the backbone of the chain. Each
open circle approximately shows the bond index inside the
entrance of the channel at the corresponding moment.

APPENDIX B: VELOCITY DISTRIBUTIONS
FOR MONOMERS

We consider the monomer velocity distribution here. Its
x component is obtained from averaging over 1000 uncor-
related trajectories for each set of parameters. In Fig. 10(a)
the normalized x component of the monomer velocity v,/ f.
is shown as a function of the monomer index m for fixed
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FIG. 10. (a) Normalized x component of the monomer velocity v,/ f. as a function of the monomer index m, for fixed channel driving
force f. = 1.2 and channel widths D = 6.0 (closed symbols), 4.5 (vertical hatching), 3.0 (horizontal hatching), and 2.0 (crosshatching), during
the translocation process at times 7/t = 0.2 (black circles), 0.4 (red squares), 0.6 (green diamonds), 0.7 (blue up-pointing triangles), and
0.8 (orange down-pointing triangles). The open circles approximately specify the monomer index inside the entrance of the channel at the
corresponding moments. (b)—(d) Same as (a) but for channel driving forces f. = 0.5, 0.3, and 0.2, respectively.
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value of the channel driving force f. = 1.2 and channel widths
D = 6.0 (closed symbols), 4.5 (vertical hatching), 3.0 (hor-
izontal hatching), and 2.0 (crosshatching) at different times
t/t = 0.2 (black circles), 0.4 (red squares), 0.6 (green di-
amonds), 0.7 (blue up-pointing triangles), and 0.8 (orange
down-pointing triangles). Figures 10(b)-10(d) are the same
as Fig. 10(a) but for channel driving forces f. = 0.5, 0.3,
and 0.2, respectively. To assess how the driving force affects
the monomer velocity distribution, the normalized velocity
has been plotted in all panels. As can be seen, the behavior
of the curves at any given moment is similar for different
values of the driving force. As the value of f. decreases [from

Fig. 10(a) to Fig. 10(d)] the fluctuations in the curves increase,
originating from two facts. The first one is that by decreasing
the force the value of the normalized velocity increases (note
that f, is in the denominator of v,/ f.) and this increases the
fluctuations of the normalized velocity. The second reason is
that by decreasing the driving force the tension force along the
backbone of the chain becomes weaker, giving rise to more
pronounced spatial fluctuations of the chain and consequently
higher fluctuations of the monomer velocity. To have the same
amount of monomer velocity fluctuations the average must
be taken over more trajectories as the channel driving force
decreases.
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