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ABSTRACT

Employing, the Langevin dynamics simulations study method, we investigate the dynamics of linear chain
polymers’ translocation into and out of a three-dimensional spherical cavity through a nanopore under a
pulling force F .For the polymer translocations into the cavity, we observe different factors that influence on
polymer translocation dynamics through a nanopore under a pulling force in Langevin dynamics simulations.
Our focus on the influence of the chain length defined as N = Ry/R, Rqis the radius of gyration to the
polymer and R is the cavity’s radius, thermostat Langevin temperature 7', the cavity pore size 5 and the
pulling force Fon the average translocation time,. Thus, we obtain that the distribution of 7for the different
chain lengths, it is symmetric and narrow for strong #'.We also assure that 7 ~ N2 and translocation velocity
v ~ N ! for both moderate and strong F . Relatively for wide pore, three regimes are observed for 7 asa
function of F. ris independent of F for weak Fand lastly crosses over to 7 ~ F! for strong force even for a
moderate force. Finally, the waiting time, for monomer 7 and monomer 2+ 1 to exit the pore, has a maximum
for n close to the end of the chain, in contrast to the case where the polymer is driven by an external force
within the pore. We also here present a computer simulation study of polymer translocation out of the cavity
in a situation where the chain is initially confined to a closed spherical cavity in order to reduce the impact of
conformational diversity on the translocation times. In particular, we investigate how the coefficient of
variation of the distribution of translocation times can be minimized by optimizing both the volume and the
aspect ratio of the cavity.
Keywords : Langevin Dynamics, ESPRESSO, translocation, coarse-grained, bead, linear polymer, scaling
behavior, distribution of translocation time, thermostat Langevin.

I. INTRODUCTION analysis filter of macromolecules sieves and control
drug delivery are some applications of polymer
The transport of protein and nucleic acids through a  translocation to technological revolutionary[2-5,7].b

nanometric pore size is crucial importance to Due to wide range applications to revolutionary

life. DNA and RNA translocation across nuclear pore,
protein transport through membrane channel and
virus injection all these are basic notable examples to
the main topic Polymer Translocation[1]. Moreover,
it has a potential to revolutionary technological

applications such as rapid DNA sequencing, protein

technology, recently Polymer translocation has
become a popular research areas in polymer physics
in which experimental [8, 9, 11, 13], simulation [14—
16, 18, 20-30, 53].and theoretical studies[31,37-39,
55]. The dynamics of the translocation of polymer,

since it can be depended on by so many factors, such
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as the driving force in the nanopore, the sequence of
the polymer and the geometry of the channel etc.
and it, the polymer translocation is a complex and
challenging problem. To understand the behavior of
translocation recently a lot of researches have been
done and reviewed on the study of the polymer
translocation [40, 41, 43]. Polymer translocation
involves a moment of polymer either into or out
confined spaces. Recent, computer simulation
theoretical studies in this area have mainly focused
on the effect of different confine space, like as
spherical or ellipsoidal cavities [45— 52, 54, 57, 59-63,
68]. the

translocation into confined space is much more

Therefore, Processes of polymer
complex, compared with an unconfined space. Until
now researchers have done a lot of work on the
polymer translocation into unclosed confined space
[13, 21]. A Langevin dynamics simulation study
employs to investigate the dynamics of polymer
translocation into space. Thus, in two dimensions a
nonuniversal dependence relation observes that the
average translocation time 7 on the chain length
N21]. In the three dimensions, the confined space
leads to non-universal dependence of average
translocation time 7 as a function of driving force F
[21]. Inspired by the experiments [6, 15, 17]a
number of recent theories [17, 32, 33, 35, 36, 53]have
been developed for the dynamics of polymer
the the

translocation time 7 with the chain length NV is an

translocation. Especially, scaling of
important measure of the underlying dynamics and
considered equilibrium entropy of the polymer as a
function of the position of the polymer through the
nanopore. Standard Kramer analysis of diffusion
through this entropic barrier yields a scaling
prediction of 7 ~ N? for the field-free translocation.
For the forced translocation, a linear dependence of 7
on NV was suggested, which is in agreement with
some experimental results[6, 15] for a a-hemolysin
channel. However, as Chuang et al.[32] noted,
the quadratic scaling behavior for the field-free
translocation cannot be correct for a self-avoiding

polymer. The reason is that the translocation time is

shorter than the equilibration time of a self-avoiding
polymer, Tequi ~ /V'*2%, where v is the Flory exponent
[36]. According to scaling theory, they showed that
for large NV, translocation time scales approximately
in the same manner as equilibration time. For the
and Kardar [33]

provided a lower bound for the translocation time

forced translocation, Kantor
that scales as /V *¥, by considering the unimpeded
motion of the polymer. Most recently, investigations
both free and forced translocation using both the
two-dimensional fluctuating bond model with
single-segment Monte Carlo moves [35, 36] and
Langevin dynamic simulations [44, 53]. For the free
translocation, it is numerically verified 7 ~ NV 1*2V by
considering a polymer which is initially placed in the
[35, 44].For the forced

translocation, it is found that a crossover scaling

middle of the pore

from 7 ~ N\?vfor relatively short polymers to 7 ~ N+v
for longer chains[36, 44]. In addition, it is also found
that this crossover scaling remains unaffected for
[44].

translocation affects a large entropic barrier and thus

heteropolymer  translocation Polymer
most polymer translocation process requires a
driving force, such as an external electric field used
in the above-mentioned experiments. However, one
can also investigate the use of other forces, such as a
pulling force. With the development of manipulation
of a single molecule, polymer motion can be
controlled by optical tweezers [56]. This gives a
motivation to study the translocation in which only
the leading monomer experiences a pulling force. In
addition, a new sequencing technique based on a
combination of magnetic and optical tweezers for
controlling the DNA motion has been reported [58].
Therefore it is of great significance to theoretically
investigate the polymer translocation under a pulling
force. Kantor and Kardar [33] have considered the
scaling of 7 with /V and with the pulling force .
They have also tested the scaling behavior in a
Monte Carlo simulation study of the fluctuation
bond model. However, this model is only valid for
moderate pulling forces. For strong pulling forces,

the scaling of 7 with NV is different and needs to be
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examined carefully. In addition, studies on
translocation into confined geometries, in a space of
characteristic size equal to its radius of gyration or
lower and a very slit than its radius of gyration will
shed light on the dynamics of the packaging of DNA
inside virus capsid [64-66],where the entropic
penalty is from both the limited volume and the

additional self-exclusion of the chain. Many

important details are still not clear, such as (a) the
translocation probability,(b)the distribution of the Figure 3: after translocation
translocation time, and (c) the average translocation
time as a function of pulling force £ the chain length
N, the cavity pore size and thermostat Langevin
temperature 7 for the polymer translocation into P
confined geometry like spherical cavity the diagram /

is shown in the Fig.3 .To this end, our aim in this

paper, we investigate the dynamics of polymer

translocation into and out of a 3D spherical
nanocontainer using Langevin dynamics simulations

study, Figure 4: Schematic representation of the initial state (t
= 0) for a polymer (with N = 60 monomers)inside a 30
spherical compartment with radins & pulled by a force F in

Puling Farce, F the cavity pore along £ axis . The diameter of the pore is
D) = 1.2¢. and length I= o.

Polymers

¥

Spherical Cavity

{a) Pulling Flﬂﬂ.'.ﬂ

Figure 1: Schematic representation of polyvmer translocation
through a pore into a 30D spherical compartment with radins

i’ pulled by a force F in the cavity pore along the = axis (a) - . . .
before translocation. The diameter of the pore is [ = 1.2o. FIEIJI'E 5 Schematic [‘E']']l"E'SE"Iltat.IDn of p-Dlym.er transloca-

and lensth I= o. tion through a pore out of a 30 spherical compartment with
radius R pulled by a force F in the cavity pore along Z axis.
The diameter of the pore is D = 1.20. and length I= o.

Compression

II. METHODS AND MATERIAL

MODEL AND SIMULATIONS DETAILS

An insight of a perfect statistical analysis of the
translocation time and its dependence on the
polymer structure, nanopore size, and others, we
Figure 2: during transiocation have considered a coarse-grained model for the
polymer walls of the «cavity and the

pore. Our aim is to define a model simple enough to
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produce very extended ensembles of translocation
events to completely characterize the statistical
properties of the translocation time. In our numerical
simulation study, we model the polymer chains as
bead-spring chains of Lennard-Jones (L]) particles
the
(FENE) potential [69]. Excluded volume interactions

with Finite Extension Nonlinear Elastic
between beads are modeled by a short-range

repulsive L] potential.

4=(z)2 -2 . :
Ups(r) = (%) J (1)
i, r>28g

Where r is the distance between the two beads, o is
the diameter of a bead, and ¢ is the depth of the
potential. The connectivity between neighboring
monomers is modeled as a FENE spring (potential)
with

r

Urene(r) = —%a-mﬁ In(1 — {EJEJ. (2)

Where r is the

monomers, k = 15¢/0? is the spring constant and Ko =

distance between consecutive

20 is the maximum allowed separation between
connected monomers. As shown in Fig. 1 and 4, we
consider a three-dimensional (3D) geometry, the
spherical cavity nanocontainer with a pore of width
D =120 and length /= 1o is formed by stationary
wall particles within a distance o from each other.
Between all monomers wall particle pairs, there
exists the same short-range repulsive L] interaction
as depicted above. Inside the pore, there exists a
pulling force along the z-axis, as shown in Fig. 1 .
Once the first monomer enters the pore, it will bear
a repulsive force imposed by the inside wall of the
pore and the polymer is pulled by the F to
translocate along the z-axis into and out of a
spherical geometry as shown in the Fig. 5. In
Langevin dynamics simulation, each monomer is
subjected to conservative, random and frictional

forces, respectively.

mi; = F + F' 4+ F (3)

Where m is the monomer’s mass. The frictional force

in the Langevin dynamics equation is

formulated by

F = —¢v, (4)

Where £ is the friction coefficient, v: is the bead’s
velocity. The conservative force in the Langevin

dynamics equation consists of several terms.

Ff =—w (ULs+ Urene) (5)

The pulling force is expressed as
Foulling = FZ2 (6)

Where F is the pulling force strength exerted
exclusively on the monomer in the pore, and 7 is a
unit vector in which, the direction of the force
the
towards the Trans side. And " is the random force
satisfying  the

Polymer translocation is conducted under the

corresponds to nanopore-axis and

fluctuation-dissipation  theorem.

influence of a constant nontime-dependent pulling
the

inside a nanopore so as to overcome a large entropic

force  acting  on first ~ monomer
barrier during polymer translocation and to speed up

the translocation process.

In this our work, we use the L] parameters ¢, o, and
m to fit the system energy, length and mass scales,
respectively. As a result, their relationships among

the parameters shown by in the following table.

Obsevable  Dimensions LJ units SI units
Length L a LO0z10™m
Mass M m 5.2r10™ % kg
Energy E £ 4121078
Temperature T £ 205K
Force E/L gl 4.1pN
Time VMLIAE  \/ma/e 11.26ps
Friction VEM/L? 7 1.62x10~ Ykg/s

Table 1: Main ohservables (with the appropriate
dimensions) in Lennard Jones units, together with
typically associated wvalues in SI units for the real
system. Note that kg=1 in LJ units.
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Initially, the first monomer of the chain is fixed at
the cavity pore center then, the chain begins to relax
on the cis side, as shown in Figl and 4. Once the
total energy of the polymer chain fluctuates a little
for a period of time, the polymer chain reaches
equilibrium. The first monomer is released, at this
moment set as time t=0, and start the translocation it
is shown in Fig2 and 5. The chain may withdraw
from nanopore and drift away under the influence of
the entropy barrier. If the chain withdraws from the
nanopore, the translocation process restarts. Once
the last monomer enters or outs the trans side, the
translocation process is over and the duration time is
defined as translocation time 7, see Fig3 for
translocation into the cavity. Thus the translocation
time T is defined as the time duration between the
the

bead/monomer of the chain entering into or out of

beginning of the translocation and last
the spherical cavity. Typically, the averaging is done
over 1000 successful translocation events and the
simulation is performed by employing free source
code known as ESPRESSO which stands for an
Extensible Simulation Package for Research on Soft

Matter Systems.

II1. RESULTS AND DISCUSSION

Into and out of the Cavity

The scaling behavior of for polymer in full three-
dimensional confinement, such as a spherical cavity,
is different compared with slit-like confinement and

tube-like the

equilibrium behavior of a linear chain of length N

confinement. we first consider
confined into a three-dimensional spherical nano
see Fig. 3. The

translocations have been performed through a small

container of the radius R,

pore by pulling one end of the polymer see Fig. 2 and
5. It is, the case of end polymer pulling while
[73]
considered by numerical simulations [33] until very
[75].

translocation aims

experimentally relevant has been poorly

recently Theory for biased polymer

at finding so-called critical

exponents v and § linking the mean translocation
time to name the polymerization index and the bias
force: T ~ N v/F 8. As formerly discussed, many
theories and simulations investigate the case of a
gradient bias force applied in the center of the nano
pore. In this study, we are interested in the case of a
pulling force at one end of the translocating polymer.
Kantor and Kardar were the first to tackle the issue
of a translocation driven by a pulling force and
predicted v=2 and § =1 scaling exponents Appendix
A.2. Looking at the translocation time distribution
we find that they are in agreement with a first
passage probability density function. For a
biased by

confirmed for the case of a pulling force [74]. One

translocation electrophoresis and
can estimate the mean translocation velocity which
coincides with the average speed deduced from the
mean translocation time divided by the chain length.
We pushed the analysis further by looking at the
average waiting time for the translocation coordinate
The

corresponds to the number n of monomers already

at  different. translocation  coordinate
translocated to the trans side. The average waiting
time is the average time that the nth monomer needs
to translocate. We find waiting times curves in
agreement with the general shape already published
in the literature [53] seen in the Fig. 7 In particular,
the average waiting time as a function of the
translocation coordinate behaves linearly at the
beginning of the translocation and for a given pulling
force. Thus, at the beginning of the process, the
translocation is entirely driven by the pulling force
whose influence linearly decreases as it is spread on
then monomers already translocated. In this work,
we study the linear polymer chain translocation
through a nanopore into and out of a spherical cavity
with radius R. And here we want to know that the
effect of cavity pore size, 1, cavity size R and friction
coefficient €, chain length N and pulling force F for
the translocations into cavity and the volume and
aspect ratio for out of the cavity, on the translocation
processes. The dependence of average translocation

time T, on the geometry and parameter factors, is
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presented by with full discussions and with their

respective figures.

Results for into the cavity

3.1 Translocation time distribution

The distribution of translocation times for a polymer
of chain length N= 16, 48 and 80 pulled with a force
F=10 is presented in Fig. 6. The histogram obeys
This
qualitatively different shape compared to that for the

Gaussian distribution. distribution has a
free translocation case, where the corresponding
distribution is asymmetric, wider and has a long tail
[32, 53]. However, this distribution is quite similar to
that for driven translocation under an electric field,
in that it is narrow without a long tail and symmetric
[33, 53]. In all the polymers chain lengths, the
stronger the pulling force, the narrower the
distribution becomes. As a consequence of this
distribution, the average translocation time is well
defined and scales in the same manner as the most
probable translocation time. Of course, if a weak

enough pulling force is used, we still can observe the

long tail.
450, . .

= N=16
= N=48
— N=80

Ezm-

s

-

ElSﬂl

0 i
0 0.5 1 15 2 25

Translocation times
Figure 6. The distribution of 1000 translocation times
for a chain of length N=16, 48 and 80 under the
pulling force of strength F=10. Here, the
translocation times are normalized by their average

value

3.2 Waiting time

We here examine the dynamics of a single segment
passing through the pore during translocation is an
important issue since the none equilibrium nature of
translocation has a considerable effect on it and we
moved the analysis further by looking at the average
waiting time for the translocation coordinate at N=
16,48 The

translocation coordinate corresponds to the number

and 80 polymerization degrees.
n of monomers already translocated to the Trans side.
The average waiting time is the average time that the
nth monomer needs to translocate (including
possible returns if n is not equal to 1 or N ). The sum
of all the average waiting time over the polymer
length gives the average mean translocation time.
We find waiting times curves in agreement with the
general shape already published in the literature [53]
(see Fig. 7). In particular, the average waiting time as
a function of the translocation coordinate behaves
linearly at the beginning of the translocation and for
a given pulling force. Thus, at the beginning of the
process, the translocation is entirely driven by the
pulling force whose influence linearly decreases as it
is spread on the n monomers already translocated.
The force is felt only by the trans side and the linear
regime is present as long as the diffusion is negligible.
When the diffusion force from the cis side compares
to the pulling force, a plateau regime is reached. This
second regime ends sharply with the retraction of
the polymer tail from the cis side. This collapse or
retraction of the polymer tail occurs over a constant

value but it depends on degrees polymerization

300

b 10 20 30 40 50 60 70 80
Translocation coordinate .n
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Figure 7. Average waiting time depending on the
translocation coordinate at a given force (F = 10) for

four polymer
3.3 Translocation time as a function of NV

For comparison, we here first check out 7 as a
function of N = Rg/R for two different pore-sizes to
this radius R of the spherical cavity ,the results
shown in Fig8. We obtain in this case that T~
(Rg/R)1.92+0.01 and 7~ (Rg/R)2.01+0.02 for pore-
size = 1.19 and 1.04 respectively. The value of the
pulling force is F =10 and it is in the strong force
regime. For this regime, the theoretical prediction is
T ~ N 2 see Appendix A.2. Our numerical result for
this pulling force and the pore sizes is in very good
agreement with the scaling argument predictions.
For a pore of small pore width and a large pore width,
the results are shown in Fig. 8. These results are also
in excellent agreement with the scaling argument
predictions is shown by Appendix A.2 and the
scaling arguments for successful translocation
provides a useful estimate for the actual translocation

through the cavity nanopore size.

® pore-size = 1.04 slope=2.01+0 4
@ pore-size=1.19 slope= 192190
10}
-~
£
80
S 8t
6

209 206 0 03

-0.3
log(R /R)
Figure 8 : The translocation time T as a function of
polymer length N which is expressed in terms of the
radius of gyration of the polymer, Rg to the radius of
the spherical cavity wide pore and a small pore. A
constant pulling force of strength F =10 acts on the

first monomer.

3.4 Temperature effect on 7

We here examine the other factor, thermostat
influence on the
Fig.9 the

translocation time 7 as a function of the temperature

langevin  temperature T

translocation  dynamics, shows
for pulling force strengths #'=10. For the whole, we
examined the range of temperatures, 7 decreases
with increasing temperature for a given pulling force
strength of F =10, with this strength increasing
temperature 7 first rapidly decreases and then
approaches saturation at higher temperatures. This

temperature dependence of translocation time is in

good agreement with experiments [14].

18000
15000
-~

12000

9000

12 16 2
T

Figure 9. Translocation time as a function of the

temperature under the pulling force F =10. The chain

length N=80.
3.5 Velocity as function of N

To examine translocation dynamics in detail, we also
calculated the translocation velocity v as a function
of polymer length N. The translocation velocity can
be measured in several ways a simple way is to
measure the average horizontal velocity of the center
of mass of the polymer over the whole duration of all
successful runs Appendix A.1. In Fig.10 we present
the polymer velocity as a function of chain length for
pulling whose magnitude F=10, 13, 16 and 19. We
get the results for each pulling force which has a
good agreement with scaling prediction. There is a
clear that the translocation velocity scale as v ~
(Rg/R) -1 Appendix A.2 for the regime of strong the

pulling force which is in excellent agreement with
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the prediction. This simple test confirms that the
translocation time takes place because of the

translocation velocity.

QOslope=-1.01+0
Oslope=-1.03+0
Oslope=-1.05+0
Oslope=-1.07+0

-7t

logv

8t

9}

-0.6 0.3

03
log(Rg/R)
Figure 10. The translocation velocity as a function of
polymer length N = R o/R. Data from F =10, 13, 16
and 19 are plotted in log-log scale and then the slope

is found by a linear fit.

3.6 Force effect on the translocation time

We here examine the other parameter, pulling force
F influence on the translocation dynamics by
measuring the average translocation time 7. Our
theory predicts that there are three regimes in the
dependence of the translocation time on the pulling
force Appendix A.1. To study this, we again consider
first the unimpeded translocation through the widest
pore. Thus Fig. 11 confirms that the existence of the
three regimes for forces, the value of the pulling
force < 0.53, translocation time is independent of
pulling force, this is the weak force regime. With
increasing pulling force ,i.e. for 0.53 < F <4.17 the
translocation time scales with the pulling force with
an exponent of -0.72 + 0.03 and for the value of
pulling force in the given interval 4.17 < F < 19, the
exponent is -0.92 + 0.02, these are in the limit of
moderate and strong force regimes respectively.
Finally, it is important to note that both in the case
of the external field and pulling force driving the
translocation process, there exists a fundamental
difference between the Monte Carlo results for the
lattice fluctuating bond model and the continuum
model considered there in the strong driving force

limit. In the Monte Carlo study, the microscopic

transition rate saturates very quickly when the
external driving forces increases, leading to a
saturation of the velocity and the translocation time
[33, 53]. This aspect of the fluctuating bond model is
unrealistic and does not correspond to the true
dynamics of the system. As seen in the Fig. 12, in the
the

translocation time scales as T ~ F -1 up to the

present model we can generalize that

maximum force value studied and shows no sign of

saturation Appendix A.2.

slope =-0.72+8
10}

-~
£
)
k) regime 2 slope =-0.92+ 0

sl

6 1 0 i 2

logF

Figure 11. Translocation time as a function of pulling
force strength for widest pore an average of 1000
runs. Here, N=32

7.2

© slope=-1.10+9

log(t)

6.8

6.6 18 2 22
logF

Figure 12 .Translocation time as a function of pulling
force strength for small pore ris an average of 1000
runs. Here, V=32.
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Results for Out of the cavity

A. Compression

We

translocation of a 3D spherical cavity with radius R

here present the discussion for polymer
and We examine that net reduction in the variance
of the translocation times can be achieved by
limiting the maximum extension of the chain’s
confirmation in the axial direction Fig. 5. Axial
compression will clearly reduce the conformational
fluctuations along this direction, but it may also
decrease the mean translocation time and speeding
the translocations processes since the monomers will
on average be closer to the pore and it produces more
restoring force. We test the impact of compression
by simulating the system at a constant radius R while
reducing the axial length za. The result presented in
Fig. 13 shows the mean translocation time hrti as a
function of za. Note that since the sphere radius is
held constant for each curve (with R = 110, 120 or
130), decreasing za corresponds to situations of
increased monomer density this is due to change the
spherical geometry volume into ellipsoidal geometry
volume. As expected, faster translocations arise from
decreasing the za under such conditions. The highest
confinement explored for R = 130 shows a small
increase of the translocation time for very short axial
(za = 1.50) in Fig. 13. Close inspection of these
simulations assures that short length scale ordering
of the monomers. If we only consider the axial
positions of these initial conformations, we note that
the monomers are pushed against the two opposite

walls and thus create two monolayer stacks Fig. 5.

5500 ——T—T—T—T—T—T—T—T—T— T
s000f
4500}
X 000f

3500

3000 b

B4 6 8

1I0 1I2 1I4 1I6 1I8 2IO 2I2 2I4
Axial length, (z)

Figure 13. The axial length z is varied for three

different spherical radius R = 110; 120 and 130.The

mean translocation time as a function of z.

B. Iso-Volume

In this part simulation results, the confinement

volume is held constant and the aspect ratio a =

. . T .
z/2RThe scaled mean translocation time — is
T

plotted as a function of a for four different cavity
volumes in Fig. 14. For these volumes, generally, the
mean translocation time increases with increasing
the volume of the spherical cavity. For fixed volume
cavities, the translocation time increases with the
aspect ratio. This is because the average monomer
distance to the pore increases as the geometry goes
from a roughly isotropic three-dimensional cavity to
a long axial length. As we discussed previously,
bringing the Monomers closer to the pore will lower
the translocation time and fast the translocation

processes.
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_ 3
<V, =975670
o V_=12666.9¢"

sp
° Vsp=16104.80'3
* Vsp=20114.60'3

Mean Translocation Time (T)£*

1.8 2.1

09 12 15
Aspect Ratio: a=z /R

0.3 0.6 24
Figure 14. Statistical analysis of the translocation
process upon varying the aspect ratio a = za/2R in an
ensemble where the volume is kept constant. The
mean translocation time as a function of the aspect

ratio.

4. Conclusions
We perform a 3D dimensional Langevin dynamics
simulation to investigate the translocations of linear
polymers under pulling force. There appear clear
crossovers on translocation time scaling for linear
polymers. We have focused on the influence of the
length of the chain length /A, the friction coefficient
¢, the temperature 7, the cavity nanopore 7 and the
force F the

time . We obtain the distribution of is symmetric and

pulling on translocation
narrow for strong /. 7 ~ N? and translocation
velocity v ~ N ! for both moderate and strong F
Relatively for wide pore, three regimes are observed
for 7 as a function of F .7 is independent of F for
weak F the

time, for monomer n and monomer 1 + 1 to exit the

Finally, waiting
pore, has a maximum for n close to the end of the
chain, in contrast to the case where the polymer is
driven by an external force within the pore. We have
examined also polymer translocation where the
molecule starts inside a finite volume confining

A

finite axial length can restrict the axial extension of

spherical cavity. cavity with a

the polymer conformation if it is sufficiently short.

When the polymer is initialized in a compressed

Volume 2 | Issue 6 | November-December-2019 | http://gisrrj.com

state i.e. when the cavity volume is comparable to or
less than the equilibrium volume of the polymer
conformation mean translocation time is reduced.
We measured the mean translocation time for
simulations of varying cavity volumes and aspect

ratios.

5. Appendix

A. Scaling argument

A.1 stretching extension

The elongation Z(F) for a polymer under traction

with two forces, F'and —F, act on its end of the chain

may be written as [77].
L(F) ~ RAT) (7)

Where @ is a dimensionless scaling function, R= N

vo, denotes the size of the unperturbed coil, and (s

the characteristic length of the problem and given by

(= k8T /F For weak forces, such that < ks T/ o/N*

the response is linear, i.e. {{x) ~ x, which leads to

L(F) ~ ﬂ-‘”**a{;—_‘;l ()

For moderate forces regime ks7/N'o < F< ksI/o,
the chain breaks up into a one-dimensional string of
blobs of size (.

Then the elongation L(F) ~ N, which directs {(x) ~
x1-7v Thus, one can get

L{F) ~ No{—)*

= (9)

Finally for strong forces regime F > ks7/o, the chain
is nearly fully extended with

L(F) ~ Ng (10)

In the following, we use the same arguments to
examine the extension of the tethered chain pulled
with a constant force through a viscous medium. The
geometrical impediment due to the finite width of
the pore is neglected here. For clarity, we assume
that the pulling force acts on the last monomer /N
Without hydrodynamic interactions the force acting

on segment 7 is given by

43



Fikre Jida Gyn Int S Ref Res J, November-December-2019, 2 (6) : 34-47

Fo=¢> w (11)

i=1
Where viis the velocity of the 72 segment. At steady
state when inertia can be neglected compared with
the frictional force, we assume vi= vand thus

F, = nfu (12}

Under this conditions, we stress that the pulling
force F equals F» = név. Here, we encounter a
situation in which the tension F » is segment
dependent and where the stretching of the chain is
not uniform [53]. To this end, we generalize Eqs.8
and 9 to this situation, following Brochard-Wyart
[76], who considered the non uniform deformation
of tethered chains in uniform solvent flow. Let (» =

ksT/Fais the n-dependent size of the Pincus blobs.

A. Translocation time
To examine 7 as a function of N under the same
constant pulling force #', we need to know L(F) as a
function of the pulling force F, not the drag force v
on monomer. We need to use relation F = N&v,
which are the same as Egs. 8 and 9 although the
different. The
L(F) during the

translocation process. The translocation velocity

microscopic  pictures  are

polymer travels a distance
scales as NN F since the force is applied to one
monomer only. although the microscopic pictures
are different. The polymer travels a distance L(F)
during the translocation process. The translocation
velocity scales as F/N since the force is applied to
the translocation
time should depend on Nand Fas 7~ L(F)/v(F) [53].

kT/No < F < ksT/o

one monomer only. Thus
For moderate forces i.e.

we have from the scaling of
(13)
This scaling relation for moderate force is the same

as the one obtained earlier [53]. We can now extend

this approach to both weak and strong forces. For

weak forces, the translocation time scales as

ro HE) | N1z (14)
v(F)

This scaling behavior is the same as that for
translocation in the absence of forces. For strong
pulling forces, the polymer becomes completely
The translocation time

stretched and

scales as
L(F)

v(F)

Show that 7 ~ M for both moderate and strong

~ N (15)

forces. 7 as a function F have three regimes with

increasing F'see Fig 11
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