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Abstract
Modelling and Computational Science

Master of Science

polymer translocation: a nonequilibrium process

by Sarah C. VOLLMER

3D Langevin dynamics simulations of the capture and translocation of poly-

mers through a nanopore are conducted for several polymer lengths and two

different Péclet values (that quantify the drift-diffusion balance of the system).

By measuring the average conformation of the polymer and the average du-

ration of each stage, simulations of the capture process reveal an elongated

polymer approaching the nanopore and either remains elongated or becomes

compressed just prior to translocation depending on the drift-diffusion balance.

This is in direct contrast with the standard approach of simulating only the

translocation process where the polymer is assumed to start translocation in an

equilibrated state. The conformational differences directly impact scaling re-

sults of the translocation time by polymer length, where, even on a qualitative

level, simulations that assume equilibration may yield incorrect results. The

capture process is therefore an essential step for modelling and establishes the

nonequilibrium nature of the translocation process.
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Chapter 1

INTRODUCTION

1.1 Polymer Translocation

The study of polymers is a subset of soft matter physics and biological research.

Within polymer science lays an important process known as polymer translo-

cation that has much biophysical significance and can be found in DNA sys-

tems. Though reference to DNA is the most notable example, polymer translo-

cation implies the passage of any molecular chain through a membrane via

a nanopore. The nanopores may be synthetic, and the chains may be stiff and

rod-like or they may have any degree of flexibility, able to fold in on themselves

many times over. What remains consistent is the repetition of smaller molecu-

lar sub-units joined together to form the bulk of the chain. Fig. 1.1 illustrates a

typical polymer translocation event.

Apart from purely academic efforts, advances in engineering and medical

research have opened the path towards genetic mapping through DNA se-

quencing, and the ability to filter polymers by their constituents, or even by

their length and size, paves the way for customized applications. Currently,

computational methods have increasingly made use of high performance com-

puting networks with access to computational power able to run many complex

1



Chapter 1. INTRODUCTION 2

calculations with high efficiency. These systems have made it possible to design

simulation models to understand these fundamental biological processes.

Polymer translocation is one such process that, to properly quantify the

dynamics at play, has drawn attention from both physical and computational

inquiry. A particularly cross-disciplinary area of research, progress is made

through, among others, the following research endeavours: Theoretical mod-

els of transport dynamics; Experimental observation of biological and chemical

attributes of different polymers, membranes and solvents; Nanoengineering of

synthetic nanopores; Stochastic computational models that produce relevant

physical pictures.

FIGURE 1.1: A schematic of polymer translocation[36].

1.1.1 Scaling Laws

Uncovering a fundamental functional relationship between two physical pa-

rameters permits a quantitative understanding that can potentially be applied

over many orders of magnitude. Arguably, scaling laws provide one of the

most efficient means of comparing quantities, particularly so in biology, where

systems are highly complex. Thus, in the domain of polymer physics, and in
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particular studies of translocation, a means of describing polymer behaviour

that scales with length is desirable. This is largely due in part to the many vari-

ations of polymer chains that exist, and the common process of translocation

that they can all naturally (or synthetically) be induced to undergo.

The body of this work is concerned with assessing the qualitative picture

assumed in current translocation simulations and the quantitative changes that

arise such as the scaling of translocation time to a polymer’s length. To date,

most standard simulation models of translocation fall short of reproducing the

scaling properties observed in experiment. With the ability to run a large num-

ber of events, simulations are able to provide relevant contributions to research

questions so long as the design is physically correct. By improving upon simu-

lations of the translocation process they will necessarily become more relevant

and beneficial to the field of polymer science in general.

1.2 Scope

This thesis focuses on the use of computational molecular dynamic methods to

simulate the passage of a polymer through a nanopore. Specifically, Langevin

dynamics are used where solvent interactions are implicitly included in the

equation of motion. Polymer motion is characterized by random thermal ki-

netic energy and through force effects of an externally applied potential dif-

ference related to the geometry of the system. A correct picture of the drift-

diffusion balance is important for both understanding and manipulating translo-

cation dynamics, particularly in device fabrication such as DNA sequencers.

This work focuses on comparing and contrasting the existing standard sim-

ulation design for polymer translocation to a newly devised approach. This
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new model simulates the capture process in addition to translocation, and uses

values for the Péclet number to describe the drift-diffusion balance. Methods

of quantification include describing the polymer’s conformation through it’s ra-

dius of gyration, timescales of the simulation stages, and scaling relationships

across polymer length.

Important stages of the capture process, such as the initial equilibration

state, nanopore contact, and threading events, are used to document the path

of a polymer until it has successfully translocated. By adapting the standard

model to include the capture process of a polymer by a nanopore it was pos-

sible to comment on the universality of translocation dynamics arising from a

variety of initial polymer configurations. The objective of this work is to there-

fore determine if the capture process impacts translocation. This may also offer

insight to bring experiment and simulation into closer agreement.

1.3 Current Situation

At present, most computational models of polymer translocation adopt a sim-

ilar simulation design. These simulation approaches typically begin by fixing

at least one monomer within the nanopore prior to translocation. The polymer

is left to equilibrate in this state and is then released and the translocation dy-

namics are tracked. Field effects are contained within the nanopore and only

monomers passing through the nanopore feel the force and are driven through.

All other monomers are only exposed to diffusive dynamics regardless of which

side of the nanopore they are found on. Contention in literature arises from

scaling exponent inconsistencies which may or may not match experiment.
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1.4 New Approach

Under experimental as well as natural biological conditions, defining the ap-

plied field as existing solely inside the nanopore is unrealistic. Additionally, it

is also unnatural to equilibrate and begin translocation of the polymer while it

is held in place within the nanopore. This equilibrated conformation at the start

of translocation is questionable, particularly as experimental observations indi-

cate that there are a variety of parameters which affect the polymer as it moves

towards a nanopore prior to translocation. Thus, a new methodology was de-

veloped to address these conditions in a coarse-grained simulation by mod-

elling the full capture process of a polymer by a nanopore. The objective was to

then test whether this more natural setup, which includes capture, would make

a difference.

The capture method has several improvements over the standard simula-

tion methodologies, but primarily it consists of mapping the full field profile

without prematurely truncating it outside the nanopore and equilibrating the

polymer away from the nanopore. By equilibrating the polymer away from

the nanopore, both the diffusion of the polymer towards the nanopore as well

as the effect of the driving force from the applied field could be measured as

the polymer completes the capture-translocation process. As changes in the

drift-diffusion balance may affect the movement of the polymer, it was thought

that this may be reflected in the conformation of the polymer, thus affecting the

translocation time and scaling relationships.



Chapter 1. INTRODUCTION 6

1.4.1 Result Highlights

A brief survey of the results indicate that the capture methodology does in fact

give a new qualitative picture of the translocation process and is successful in

identifying how a polymer’s configuration immediately prior to translocation

will alter the dynamics. Quantitatively, this could bring simulation results into

closer agreement with experimental results. By mapping the entire capture pro-

cess and by comparing changes in the drift-diffusion balance of the system, the

obtained scaling results indicate that the standard model is qualitatively in-

sufficient and that modelling the capture process may in fact be necessary for

accurately describing the translocation process.



Chapter 2

BACKGROUND

2.1 Experimental Translocation

Before discussing the details of polymer translocation simulations, a brief de-

scription of the nanopores used in experimental translocation studies is pre-

sented.

2.1.1 Biological Nanopores

Biological nanopores are typically created in cell membranes via a pore-forming

protein. In current research, α − Hemolysin protein is often used as the pores

formed via this protein are naturally found in cell membranes. The pores are

on the order of 1nm in diameter at the narrowest point and facilitate the trans-

portation of ions and molecules in and out of the cell [6]. As ssDNA is on a

similar scale, α−Hemolysin nanopores provide a desirable model for polymer

translocation and genetic applications.

2.1.2 Solid State Nanopores

To create easily reproducible nanopores in a cost effective and efficient way,

nanopore research has turned to manufacturing solid state nanopores from

7
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synthetic materials. The use of these materials allows customization and ex-

ploration of the effects of different material compositions and is advantageous

to mass production for a variety of applications. Often SiN and SiO2 materi-

als form the membrane substrates and are 30nm thick. The nanopore diam-

eter can be controlled as an electron beam is used to drill the hole. Among

other methods of fabrication, the use of high electric fields, which permit a

controlled dielectric breakdown of the membrane, have recently been devel-

oped and provide a cost-effective alternative to nanopore fabrication suitable

for mass-production [5, 51, 11].

2.2 Simulated Translocation

Coarse-grained simulations were used to model freely-jointed polymer chains

and their complete translocation through a nanopore. The duration of key

phases in the translocation process as well as the physical configuration of the

polymer at each phase were recorded. Two different simulation protocols were

used; one that focused solely on translocation and another that included the

capture process leading up to and including translocation.

2.2.1 Polymer Chains

Coarse-grained Simulations

The goal of coarse-grained simulations is to reduce the number of degrees of

freedom and interactions that are modelled. This approach allows complex

polymers, such as dsDNA, to be simulated by reducing (bonded) molecules in

the chain into individual ’pseudo-atoms’. In polymer science a pseudo-atom
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is commonly referred to as a ’monomer’. The polymers simulated here are

therefore comprised of these identical monomers bonded together in a chain.

FIGURE 2.1: Similar to springs connecting two beads, bonded po-
tentials represent the connection between adjacent monomers.

With the goal of developing a more comprehensive physical picture of the

dynamics of polymer translocation, this simplification is more than adequate.

By stripping away the more detailed atomic interactions pertaining to any one

particular polymer, the fundamental physical interactions common to the translo-

cation process may be explored. Once a reliable model is achieved through

coarse-graining, future simulations tailored to the peculiarity of a specific poly-

mer may progress, confident that any insight obtained is not an artifact of a

qualitatively incorrect model of this transport process. Thus, by focusing on

the methodology of the protocol, an improved computational tool is accessible

to a much larger research body.

As scaling laws are a common means of comparing polymer physics results,

the coarse-grained models used here simulate polymers with lengths N = 50,

100, and 200 where N is the number of monomers in the freely-jointed polymer

chain.
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FIGURE 2.2: A comparison of the standard harmonic potential and
the FENE potential used in computational models to simulate the

push and pull of bonded monomers along a chain.

Bonded Potential

FENE Potential The Finitely Extensible Non-linear Elastic, or FENE, potential

describes how adjacent monomers are bonded to one another along the poly-

mer chain. Conceptually, the model likens the polymer chain to a series of

beads attached to one another by a spring. Here, the spring is simulated by

adapting a standard harmonic potential such that the potential’s divergent be-

haviour will constrain maximum and minimum spring extension. Thus the
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FENE potential provides clear boundaries to control the extension of the simu-

lated bonds. Fig. 2.2 indicates the similarity of the FENE and harmonic poten-

tials near r = ro.

The FENE potential is quantified by:

VFENE(r) = −1

2
kr20ln

(
1− r2

r20

)
. (2.1)

All simulations here follow the model of Kremer and Grest where standard

values r0 and k in Eq. 2.1 were set as follows: r0 = 1.5σ and k = 30ε
σ2 [31].

FIGURE 2.3: Non-bonded potentials provide repulsion.

Non-Bonded Potential

Excluded Volume A freely-jointed polymer chain is a linear collection of monomers

connected to one another. These connections represent the bonds attracting any

two adjacent monomers. As the computational model is simulating a real phys-

ical process, excluded volume effects are taken into consideration.

The excluded volume describes a small region of space that extends outward

from a monomer preventing other monomers along the chain from occupying

the same physical space in the same timestep. Likewise, this volume effect also

prevents the polymer from unrealistically passing into or through the simulated

membrane instead of threading the nanopore.
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0.5 1.0 1.5 2.0 2.5
r[σ]

−1
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1
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V
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ε

Rmin

σ

LennardJones
WCA

FIGURE 2.4: The standard Lennard-Jones Potential used to model
long-range atomic interactions. When shifted and truncated, the
LJ Potential is referred to as the WCA Potential and is commonly

used for computational efficiency.

WCA Potential In molecular dynamics calculations many of the interactions

are two-bodied repulsion interactions between monomers. Modelled as an in-

termolecular pair-potential, the standard methodology to handle these inter-

actions is with a shifted and truncated Lenard-Jones potential, known as the

Weeks Chandler Andersen, or WCA, potential [94]. This adjusted potential

also includes the interaction of the monomers with the membrane and is given

by:

VWCA(r) =


4ε
[(

σ
r

)12 − (σ
r

)6]
+ ε for r < rc

0 for r ≥ rc

(2.2)
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where ε is the depth of the potential well; σ describes the effective size of

the monomers; r is the distance between particles; and rc = 21/6σ is the cutoff

distance and corresponds to where the Lenard-Jones potential is at a minimum.

Fig. 2.4 compares the standard Lenard-Jones potential to the shifted and

truncated WCA form. Shifting the LJ potential upwards effectively eliminates

the potential well that acts an attractive force; truncating the shifted potential

at the rc = 21/6σ cutoff sufficiently models the repulsion interactions. Although

the total WCA potential is repulsive, it is still comprised of repulsive (
(
σ
r

)12)

and attractive (
(
σ
r

)6) components. Here at rc, the LJ potential is at its minimum,

which is then translated upwards to V (rc) = 0. This allows the potential to

decrease down to 0 with no discontinuity in the profile from integrating the

conservative force.

Radius of Gyration

The radius of gyration, Rg, of a polymer can be described as the mean square

distance between each monomer and the center of mass and is defined by

Eq. 2.3 and Eq. 2.4. The polymer chain shown in Fig. 2.5 is in a typical relaxed

configuration. Here rCoM is the center of mass for the entire polymer chain and

ri represents any monomer along the chain. The enclosed circle indicates the

average distance the monomers lie from the center of mass. Although Fig. 2.5

is a two dimensional image, the same principles apply when extending to three

dimensions.
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FIGURE 2.5: The radius of gyration, Rg, of a polymer is found by
averaging the mean square distance between each monomer, ri

and the center of mass, rCoM [91].

rCoM =
1

N + 1

N∑
i=0

ri (2.3)

R2
g =

1

N + 1

N∑
i=0

〈(ri − rCoM)2〉 (2.4)

Due to the cylindrical symmetry of the system, two orientations of Rg are

defined- the perpendicular and parallel orientations. Rg along the axis of the

nanopore is defined asRg|| , orRg parallel. Rg perpendicular,Rg⊥ , is described as

the average Rg of both directions corresponding to the plane of the membrane

(which is orthogonal to the axis of the nanopore). Thus a quantifiable three di-

mensional picture of the polymer’s configuration and path during translocation

can be recorded.

Relaxation Time

The relaxation time, τRx, of a polymer is a measure of how long it takes a poly-

mer chain to have its current conformation be uncorrelated to a prior ’initial’

conformation. The conformational changes arise after the polymer has been
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disturbed in some way, where, over time, its shape is altered. The disturbance

could, for example, be the result of mechanical or electrical elongation or com-

pression of the polymer, or even a result of continuous solvent interactions. The

relaxation time is related to a polymer’s diffusion coefficient,D, its radius of gy-

ration, Rg, and also to its length, N . Here the diffusion coefficient describes the

motion of the polymer’s center of mass.

Starting with the definition of Brownian motion:

〈∆r2〉 = 6Dt (2.5)

the following parallels are drawn: 〈∆r2〉 ⇔ R2
g and t⇔ τRx.

Thus, the relaxation time, τRx, can be described by:

τRx ∼
R2
g

D
(2.6)

whereR2
g represents the root mean squared (end to end) distance of the polymer

chain i.e., the distance the polymer travels to relax is related to its own length

and is given by the radius of gyration, Rg. When divided by the diffusion coef-

ficient for the polymer in question, this equation describes how long it takes for

a polymer to diffuse across itself- where it will have undergone enough changes

in its conformation to be unrelated in shape to an initial configuration.

Since a polymer will experience drag in a viscous fluid as it moves, the

length of a polymer will directly impact this mobility. Diffusion can then be de-

scribed through as inverse relationship to a polymer’s length D ∼ N−1, where

the relaxation time is also given by:

τRx ∼
R2
g

D
∼
R2
g

1
N

∼ R2
gN (2.7)
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Under these conditions a polymer is said to be experiencing Rouse dynam-

ics and describes an ideal chain. However, the Rouse model overestimates the

decrease in diffusion found in experiment, and a new model incorporating hy-

drodynamic interactions was developed. The diffusion here is referred to as

Zimm dynamics and is given by D ∼ N−ν , where ν is the Flory exponent, and

is consistent with experiment for dilute polymer solutions with ν = 3/5. Here

correlated motion arising from the hydrodynamic polymer-solvent interactions

permits faster relaxation times. Therefore, taking Rg ∼ Nν :

τRx ∼ (Nν)2N = N2ν+1 = (N3/5)
2
N = N2.2 (2.8)

An exponent, commonly referred to in literature as α = 1+2ν, is extracted from

Eq. 2.8 and provides a way to quantify scaling results found for ν in experiment.

2.2.2 Molecular Dynamics

Molecular dynamics are computational methods in which the dynamics of a

system (molecular, biological, material) can be described. Through the integra-

tion of Newton’s equation of motion, different configurations of the system are

generated by obtaining information regarding the positions and velocities of

the particles in the system. In this way, macroscopic properties may be inves-

tigated through these microscopic simulations via the application of statistical

mechanics. For equilibrium, the distribution of the system follows the Boltz-

mann distribution. As the system evolves over time, many possible states can

be explored where it is often possible to comment on and interpret macroscopic

behaviour.
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Equation of Motion

The physical conditions for the simulated environment are built from Newton’s

second law, ~F = m~a. If the force acting on an entity can be known, (e.g., an

entity such as an atom in real life or a monomer in a simulation), then it is

possible to determine the acceleration of this object, as the mass is typically

known.

The force derived from Newton:

~F = m~a (2.9)

For conservative forces, ~F can also describe a potential (V ) gradient (~∇):

~F = −~∇V (2.10)

By equating Eq. 2.9 and Eq. 2.10, a trajectory can be found through the fol-

lowing differential equation:

dV

dr
= −md2~r

dt2
(2.11)

However, an analytical solution is not readily obtainable and numerical in-

tegration is therefore used to solve the differential. Once solved, a trajectory

describing the positions, velocities, and accelerations of all bodies of interest as

they move over time can be determined.

Integration A common method of integration to obtain the state of the sys-

tem is through a Velocity Verlet algorithm. As forces are provided to the sim-

ulated system it is possible to extract, or define, the acceleration via ~a(t) =

~F (t)/m. The initial step for describing the motion of the particles in a system
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is to provide starting accelerations ~a(t), velocities ~v(t), and positions ~x(t) for all

particles in motion.

The position of a particle at t = t+ ∆t is therefore given by:

x(t+ ∆t) = x(t) + v(t)∆t+
1

2
a(t)∆t2 (2.12)

Once the position is known, the velocity halfway through the time step ∆t

can be found:

v(t+
1

2
∆t) = v(t) +

1

2
a(t)∆t (2.13)

The new acceleration, a(t + ∆t) is derived again from ~a = ~F/m using x(t +

∆t), and finally, the full velocity can be computed via:

v(t+ ∆t) = v(t+
1

2
∆t) +

1

2
a(t+ ∆t)∆t (2.14)

These integration steps are repeated for each particle at every time step.

Langevin Dynamics

Langevin dynamics is a method of mathematically modelling the solvent dy-

namics of a given system. Through the use of stochastic differential equations,

Langevin dynamics allows for a solvent to be implicitly included in the equa-

tion of motion; the effects arising from each solvent monomer are combined

into average forces which can be calculated over the entire simulation space at

each time step. This approach alleviates much of the computational overhead

by removing a large portion of the interactions between polymer and solvent.

Fig. 2.6 illustrates that with explicit solvation, the solvent is modelled as in-

dividual particles where each solvent interaction must be calculated for every
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FIGURE 2.6: Explicit (A) v Implicit (B) solvation methods for com-
putational models. In explicit solvation, interactions between all
solvent molecules are calculated individually. In implicit solva-

tion, the solvent is modelled as an average field. [48]

monomer. For implicit solvation, there is a massive drop in individual calcula-

tions performed by modelling the solvent as a force. Minimizing the compu-

tational cost per time step is an important design criterion in simulation mod-

elling. Here the solvent is included implicitly in the Langevin Equation through

the addition of a random force term and a damping term:

m~a = −∇U(~x)− γ~v +
√

2γkBT ~R(t) + ~Fext (2.15)

where γ is the friction coefficient (γ/m represents the collision frequency),−∇U(~x)

is the sum of the conservative forces and represents the external field applied

to the system. ~Fext represents any additional external forces on the system, and



Chapter 2. BACKGROUND 20

~R(t) is a random term where:

〈~R(t)〉 = 0 (2.16)

〈~R(0) · ~R(t)〉 = δi,jδ(t) (2.17)

with i, j corresponding to the Cartesian coordinates and δ(t) being the Dirac

delta function.

In Eq. 2.15 the random term, ~R(t), must satisfy a number of conditions to

reproduce the random thermal motion of the solvent interactions on the poly-

mer. First, the mean of the applied force must be zero for it to be stationary and

second, the random force must be considered uncorrelated in time, similar to

white noise. Both the viscous drag and the random force are not independent

of each other as they are both due to the solvent interactions.

Diffusion

Diffusion is a process by which a particle moves as a result of energy from

random, thermal motion. The fluctuation-dissipation theorem states that for

processes that dissipate energy via heat there is a corresponding reverse pro-

cess described by thermal fluctuations. γ, the frictional force on a small spher-

ical particle of radius R and mass m, relates this dissipation to corresponding

Brownian motion. This motion, diffusion, is given by:

D = kBT/γ (2.18)

In Eq. 2.15, the force arising from the damping term is given by:

~F = −γ~v (2.19)
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The drag force experienced by a spherical particle depends on its radius, R,

through:

~F = −6πηR~v (2.20)

such that:

γ = 6πηR (2.21)

where D is the diffusion coefficient, γ is the friction coefficient, kB denotes the

Boltzmann constant, T the temperature of the system, and η is the viscosity of

the solvent.

Drift Velocity

Drift is the process by which a particle moves due to the application of an ex-

ternal force. Here drift velocity is directly related to the strength of the applied

force, as well as the friction felt by the particle as it moves through the solvent.

Starting with Eq. 2.15:

m~a = −∇U(~x)− γ~v +
√

2γkBT ~R(t) + ~Fext (2.22)

the external force is isolated through the following assumptions:

1) no particle interaction forces ∴ −∇U(~x)⇒ 0

2) thermal forces are uncorrelated in time with mean=0 ∴
√

2γkBT ~R(t)⇒ 0

3) the system is overdamped ∴ m~a⇒ 0

Eq. 2.15 is thus reduced to the following:

m~a = −∇U(~x)− γ~v +
√

2γkBT ~R(t) + ~Fext (2.23)

0 = −γ~v + ~Fext (2.24)

γ~v = ~Fext (2.25)
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Thus, in an overdamped system, such as with the Langevin dynamics used

here, the drift velocity of a particle is given by:

~Fext = γ~vD (2.26)

~vD =
~Fext
γ

(2.27)

where ~vD is the drift velocity, ~Fext is the driving force, and γ is the friction coef-

ficient of the object, as defined in Eq. 2.21.

2.3 Tension Propagation

Fig. 2.7 illustrates the tension-propagation (TP) process. When a polymer is cap-

tured by a nanopore, threads, and then begins translocation, TP theory states

that a tension front will emerge along the polymer at a distance x from the

nanopore. This front demarcates the point at which a relatively relaxed poly-

mer diffusing towards a nanopore transitions into the high field regions near

the nanopore. Here, any monomer under the influence of the field effects will

uncurl from an initial coiled configuration and move towards the nanopore.

Fig. 2.7 illustrates TP progression starting from an initial captured state through

translocation. Notice how the TP front propagates as the polymer is pulled to-

wards the nanopore and tension is propagated along the length of the chain.
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FIGURE 2.7: The propagation of tension along a polymer chain as
the polymer is pulled in and through the nanopore during translo-

cation.
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LITERATURE REVIEW

3.1 Introduction

Polymer science is a rich field of research [94, 31, 89, 7, 6, 17, 46, 54, 9, 37, 38,

71, 15, 90, 14, 45, 67, 87, 64, 57, 69, 60, 40, 32, 39, 81, 95, 58, 13, 2, 85, 53, 59, 26,

25, 63, 86, 56, 27, 8, 93, 82, 61, 78, 70, 62, 49, 33, 80, 5, 79, 18, 41, 43, 73, 76, 77,

19, 75, 42, 72, 44, 65, 52, 11, 51, 47, 83, 4, 23, 12, 35, 34, 91, 10, 1, 74, 16, 84, 68,

55, 92, 3, 88, 24] with many problems left unanswered. As new questions arise

continuously, a collaborative approach to solutions is almost always necessary.

Accordingly, significant progress tends to emerge when theoretical models and

experimental work are closely tied together. Although computational mod-

els have been around for the last half century, much work is still required to

correctly reproduce experimental results or even just to evaluate the proposed

theoretical models. Thus, a comprehensive literature review will necessarily

include work from both experimental and theoretical groups, fabrication and

engineering characterization, and computational and simulation research.

24
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3.1.1 Foundation

Polymer science, a subset of soft matter studies, is largely concerned with struc-

tural deformation caused by thermal fluctuations, particularly as it pertains to

the movement or conformational changes of a polymer. Here scaling concepts

that are applicable to large ranges in polymer size are highly valued as many

physical properties of a polymer are dependent on the length of the polymer

chain. One such property, the radius of gyration- which is a measure of a poly-

mers average coil size, has been shown to exhibit a power law relationship to

the polymer length. A brief introduction to the foundational aspects of polymer

science is now provided.

Nobel Lecture: Spatial Configurations of Macromolecular Chains [21]

In 1974, Paul Flory won the Nobel Prize in Chemistry for his experimental and

theoretical contributions in physical chemistry regarding macromolecular be-

haviour. Considered the founder of polymer science, Flory quantified the con-

cept of excluded volume interactions in polymer chains and, as a result of these

interactions, demonstrated how a polymer’s configuration would necessarily

expand. Among his achievements, Flory also lends his name to an important

exponent, ν. This ’Flory Exponent’ is often used in polymer science to relate the

size of a polymer, R, to its length, N . This is known as the ’infamous’ polymer

scaling relationship. This power law relation between the polymer’s size and

length is central to polymer research and is fundamental in the translocation

scaling work in this thesis.

Furthermore, it was Flory’s realization that the chemical bonds in macro-

molecules were nearly indistinguishable from those in smaller monomeric com-

pounds, that led to his questioning of the unique properties of certain polymers.
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If chemical bonds were not to blame, then what was? He considered perhaps, it

was the macromolecules themselves, specifically, the attributes of a long molec-

ular chain. And with that, a lifetime of work began on characterizing polymers

and their many configurations, with Flory contributing two fundamental books

to his field of polymer science: Principles of Polymer Chemistry [20] and Statis-

tical Mechanics of Chain Molecules [22].

Nobel Lecture: Soft Matter [30]

In 1991, Pierre-Guilles de Gennes won the Nobel Prize in Physics for his earlier

work in which he discovered the concept of scaling as it pertained to polymers.

Considered the founder of soft matter research, he demonstrated that the meth-

ods for studying order in simple systems could be generalized to more complex

forms of matter, particularly polymers. Charging soft matter as being the study

of matter which is both complex and flexible, de Gennes was active in many

areas, driven to relate the small to the large.

He made notable contributions to the fields of polymers, surfactants, and

liquid crystals. Initially working in the field of magnetism, he produced the-

oretical models of magnetic moment coupling and fluctuations of local mag-

netization, among many other contributions. It was this initial work in mag-

netism that allowed de Gennes to draw parallels to the world of polymers. By

applying his theory on phase transitions and his concept of how a system be-

haves when transitioning from order to disorder to describe a wide breadth of

fields, he demonstrated that these rules were obeyed in broad generality. Thus,

the challenge of describing the many conformations and complex behaviour of

polymers was reduced to a certainty that there would be scaling laws to define
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these polymer dynamics. Much of this work is contained in his book, Scaling

Concepts in Polymer Physics [29].

Passive Entry of a DNA Molecule into a Small Pore [28]

In 1999, de Gennes contributed a short analytical model of a DNA chain drifting

into a single pore, of radius rp, that opens only for a brief amount of time. He

was interested in determining how much of the DNA chain could enter the

pore during this short time frame. He focused on defining three time scales:

the average time that passes to be sure a chain has reached the pore, τr, the

time for the polymer to enter the pore, τe, and the time for the whole chain

to slide through the pore, τs. de Gennes determined that if the polymer’s end

is located favourable just outside the pore, then the time it will take to enter

the pore, τe, is given by the pore radius divided by the forward velocity of the

polymer. Although nearly 20 years have passed since this work was published,

a clear parallel can be drawn to the most recent efforts in polymer translocation,

including the focus of this thesis: the capture-translocation process. Here de

Gennes’ τr is comparable to the capture time, τe is comparable to the threading

time, and τs to the translocation time.

Clearly, the conceptual basis of including information regarding the poly-

mer’s behaviour as it approaches the pore was understood to be an important

factor in determining how it would pass through. In his own words, "It is seen

clearly that the bottleneck is at the entry", de Gennes predicts one of the find-

ings in this thesis where, in a diffusion dominated system, the polymer can

often spend the majority of its time threading the nanopore.
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3.1.2 Experimental Work

Experimental translocation research can be separated into two core branches:

the use of natural nanopores, such as pores that form in the phospholipid bi-

layers of biological cells; and the use of fabricated nanopores, such as the silicon

nitride solid-state nanopores often used for DNA sequencing. Through careful

design, experiments can be controlled and effects on translocation observed.

For example, consider how changing the solvent salt concentration on one or

both sides of the nanopore might affect the translocation time of a charged poly-

mer. One might also be curious to know if this effect strengthened or weakened

for longer polymers- possibly leading to a new theory. An interesting biological

discovery was also found in viruses- viral DNA can be injected via translocation

into a host cell. Experiments are also useful for validating existing theoretical

models, again reinforcing the collaborative nature of this field. A selection of

experimental work done over the last decade is now provided.

Probing Single DNA Molecule Transport Using Fabricated Nanopores [14]

In 2004, Chen, P. et al. used fabricated nanopores in silicon nitride to study

dsDNA electrophoretic transport dynamics. In order to characterize a broad

range of molecules under a wider range of conditions Chen et al. reasoned

that Si3N4, a relatively inert and thermodynamically stable compound, would

better suit the research objective than would a self-assembling protein pore in

a lipid membrane. Commenting on prior experimental work, Chen et al. de-

scribes how most contemporary work uses standard α−Hemolysin proteins to

form nanopores which inhibits the collection of detailed signals during translo-

cation due to complex charge distributions and the natural structure of the

channel.
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Chen et al. identified translocation events based on the current signal recorded

(i.e., different types of translocation events would have different signal signa-

tures). Thus, they identified whether the translocation event was of dsDNA

moving in single file, or dsDNA chains translocating while folded in on them-

selves.

Relevant to the work in this thesis, a key finding of Chen et al. is that

they observed a greater number of the single-file translocation events at higher

applied voltages. They reasoned that because the potential gradient becomes

stronger close to the pore, it would necessarily uncurl the dsDNA, thus promot-

ing single-file translocation. They found this to be consistent with observations

of shorter dsDNA chains showing far fewer folded-chain translocations, as the

entire chain was more likely to be completely uncurled.

Chen et al. also observed that the capture rate for dsDNA by the pore con-

sistently produced a rate that increased linearly with an increase in the applied

voltage. This is a particularly useful result; it defines the behaviour of dsDNA

capture to be a (thermal) diffusion-limited process. The capture rate, R, of a

perfectly absorbing hemisphere of radius r is defined in Eq. 3.1:

Rtheory = 2πCDr (3.1)

whereD identifies the diffusion constant,C the molar concentration, and where

r, the capture radius, is both a function of the pore radius and is linearly pro-

portional to the electric field. Therefore, if the diffusion of dsDNA into the

absorbing region is assumed to be the rate-limiting step, then the capture rate

should be proportional to the applied voltage: R ∼ Vapplied.
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Note that the capture rate is also defined, and measured by:

Rexperiment =
NDNA

t
(3.2)

whereNDNA is the number of dsDNA molecules that have translocated per unit

time, t. In fact, the translocation results observed forRexperiment do scale linearly

with Vapplied, confirming the diffusion-limited behaviour of dsDNA capture.

Fast DNA Translocation through a Solid-State Nanopore [87]

In 2005, Storm et al. studied the translocation of dsDNA through a fabricated

silicon oxide nanopore. Varying lengths of the dsDNA were electrophoreti-

cally driven through the pore and ionic conductivity signals were recorded for

the translocation times. For analysis of the passage times, Storm et al. only

recorded the linear, unfolded, translocation events. They recovered a power-

law scaling of the dwell time, τ , with length, Lo, of the dsDNA:

τ ∼ Lαo (3.3)

here dwell time is synonymous with the translocation time.

Equal concentrations of at least six different dsDNA lengths were sampled,

and, applying a least-squares fit to their data, they produce the scaling expo-

nent: α = 1.27 ± 0.03. Performing two additional independent experiments,

Storm et al. successfully reproduced this scaling relation, τ(Lo). The rigorous

affirmation of the non-linear result was required because the exponent Storm et

al. produced was quite different than the exponents reported in all transloca-

tion studies using α−Hemolysin nanopores.
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Turning to theory, Storm et al. sought to explain the results of their ex-

periment. They identified that the translocation process consists of two sep-

arate stages, capture and translocation. As the dsDNA chain can only reach

the nanopore by diffusion, the capture stage is considered a stochastic process,

which is not focused on by Storm et al. Instead, they focus on the transloca-

tion process, where they quantify the start when an end has entered the pore,

and the finish when all of the dsDNA has passed through the pore. Initially

captured at time t = 0, a polymer of length N will start translocation partially

threaded into the pore.

τ ∼ R2
g (3.4)

Rg ∼ Lνo (3.5)

Validating their experimental results, Storm et al. demonstrates how the equi-

librium condition for their experiment can be best described by Eq. 3.5, and

so using Eq. 3.4 the power-law relation between the contour length and dwell

time becomes: τ = L2ν
o . Using an experimental value for the Flory exponent

ν = 0.61 they recover α = 1.22, and is in agreement with the experimental

value of α = 1.27± 0.03, providing one of the first full analyses of translocation

through a fabricated nanopore.

Statistics of DNA Capture by a Solid-State Nanopore [66]

In 2013, Mihovilovic, Hagerty and Stein use a solid-state nanopore to elec-

trophoretically capture DNA molecules. An 8nm-wide pore permitted the DNA

to fold and form hairpins as it was captured for translocation. This behaviour

was registered as a disruption of the ionic current readings when the polymer



Chapter 3. LITERATURE REVIEW 32

blocked the pore in varying configurations. Mihovilovic, Hagerty and Stein

were interested in quantifying the behaviour of capture- at the time there was

not yet a model to describe the distribution of x, the position along a polymer

where the polymer is most likely to be captured. Prior work had suggested

opposing views, either folds along the polymer would occur at equal probabil-

ities but that it was energetically more favourable to be caught in an extended

configuration and by an end[87], or there was a bias for unfolded polymers that

increased with applied voltage such that the molecules would pre-align outside

the pore along the field lines prior to capture[13].

Mihovilovic, Hagerty and Stein comment that the strong bias for capturing

polymers on end is a result of the configurational entropy of the approach-

ing polymer and not due to polymers searching for energetically favourable

configurations before translocating. Tracking the conformational changes of

approaching polymers is one of the core results in this thesis. The assump-

tions about a polymer’s configuration immediately preceding translocation are

tested and are related back to the polymer’s configuration as it is approaching

the nanopore for capture. Of interest is that these initial configurations can be

controlled (in some manner) by altering the drift-diffusion balance of the sys-

tem.

Polymer Capture by α − Hemolysin Pore upon Salt Concentration Gradient

[44]

In 2014, Jeon and Muthukumar used an α − Hemolysin protein pore to mea-

sure the capture rate of single sodium poly(styrene sulfonate) molecules. Three

experimental parameters were varied for the analysis: the applied voltage, the
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pH, and the salt concentration asymmetry across the pore. As with all experi-

mental translocation studies, the current through the protein pore is recorded

and a blockage event is counted as a capture event if the current drops below

75% of the open pore current.

At the time, there was yet to be a theoretical model which could describe

coupled forces under nonequilibrium conditions, such as those observed in the

experiment. Nevertheless, the work put forth by Jeon and Muthukumar was

successful in validating the idea that capture may be influenced by imposing

nonequilibrium drift conditions. The computational model developed for this

thesis necessarily probes this relationship between drift and diffusion.

3.1.3 Theoretical Work

Within polymer science, the theoretical understanding and model building of

translocation is of interest. The value in understanding the dynamics of this

transport process is substantial; both for biological comprehension and for nano-

scale fabrication where the controlled (natural or forced) movement of a poly-

mer is required. Conceptual and statistical models that describe and predict

experimental work suggest possible universal scaling laws. They also suggest

the effects of varying system conditions, such as chemical potential gradients,

energy barriers to translocation, and solvent conditions. Here, a collection of

early theoretical work on polymer translocation provides a basis from which

the field has grown.
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Polymer Translocation through a Pore in a Membrane [89]

In 1996, Sung and Park developed one of the first comprehensive analytical

models of polymer translocation. By treating translocation as a stochastic pro-

cess, they first quantified an energy barrier to translocation which was depen-

dent on the polymer length, N , the number of segments of the chain on both

sides of the nanopore, and the chemical potential per segment of both cis and

trans sides. Sung and Park assume the chain diffusivity, D, remains constant

during translocation such that D = kBT/γ ∼ 1/Nν where γ is the chain friction

proportional to N ν . Here ν takes on the value of 1 if hydrodynamics inter-

actions are neglected, or 1/2 if they are included. What is significant about

their work is that by incorporating the three-dimensional chain conformations

and associated flexibility and entropy they were able to show that the chain

flexibility would significantly slow translocation. Additionally, if chaperone

chemicals are present on the trans side (which bind to segments along the poly-

mer chain and prevent backwards diffusion), then the flexibility of the polymer

on the trans side decreases, and the rate at which the polymer is translocat-

ing increases. Thus, Sung and Park demonstrated that the global translocation

dynamics are independent of the local potential barriers and the translocation

time, τ , can be described for long polymers by:

τ ∼ L2

2D
(3.6)

If D ∼ 1/N then τ ∼ N3 and if D ∼ 1/N1/2 then τ ∼ N5/2, thus providing time

scaling for polymer translocation models with or without hydrodynamics.
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Polymer Translocation through a Hole [71]

In 1999, Muthukumar expanded the model proposed by Sung and Park to

demonstrate that by incorporating details of the hole (pore; nanopore) a parametriza-

tion of the rate constant, k0, was possible. Here k0 is the rate for transporting a

monomer across the hole, and is independent of polymer length, N . Thus, for

symmetric barriers, Muthukumar presents the translocation time, τ as:

k0τ = αN2 (3.7)

where α is a constant reflecting the chemical potential on either side of the

nanopore.

In the absence of a chemical potential gradient Muthukumar finds τ ∼ N2.

For asymmetric barriers where translocation is against the chemical potential

gradient Muthukumar has τ ∼ exp(N). For translocation along negative chemi-

cal potential barriers (i.e., favourable translocation) τ ∼ N where τ ∼ N(T/k0µ)

for large N∆µ/T and τ ∼ N/k0 for small N∆µ/T . Here T is the temperature.

What Muthukumar contributed with this model was to provide a means to

quantify the particular effects a pore might have on translocation. Thus, k0 re-

flects a temperature dependent rate assumed to depend on the interaction of a

monomer and the pore proteins. The ability to quantify pore effects on translo-

cation is invaluable for building accurate computational models such as those

designed for this thesis.
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Anomalous Dynamics of Translocation [15]

In 2001, Chuang, Kantor and Kardar used numerical simulations to simulate

both one- and two-dimensional polymer chains (length N ). Common theoreti-

cal models at the time assumed quasistatic dynamics and predicted an unforced

translocation time, τtrans, that scales as Nα, where α = 2. In quasistatic dynam-

ics the relaxation time is considered to be less than the translocation time, that

is, τR < τtrans. However, through simulations of different polymer lengths,

Chuang, Kantor and Kardar uncovered that for the translocation process, α

approaches an asymptotic limit that is larger than 2. Here, their simulations in-

dicated that the assumption of quasistatic in earlier work was incompatible for

excluded volume effects of long polymer chains. Note that excluded volume

interactions are included to prevent a polymer chain from passing through it-

self in the simulation; the monomers will gently repel those that are not bonded

to it to simulate a more realistic scenario.

The Rouse relaxation time, τR is predicted by:

τR ∼ N1+2ν (3.8)

With ν = 3/4 for self-avoiding chains in two-dimensions, the relaxation time

becomes τR ∼ N2.5, significantly larger than the quasistatic τtrans ∼ N2. Here

Chuang, Kantor and Kardar make the connection that translocation across a

barrier must at least require the polymer to diffuse a distance equal to its radius

of gyration. Thus, when compared to idealized models that do not consider

excluded volume interactions, the relaxation time is necessarily longer, and the

Rouse relaxation time scale should instead reflect the lower limit of the translo-

cation time. Therefore, Chuang, Kantor and Kardar conclude that translocation
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is indicative of anomalous dynamics. The extension to three-dimensional dy-

namics, such as the focus of this thesis, includes an additional dimension of

movement and diffusion for the polymer.

3.1.4 Simulation Work

Translocation research will often use computational models to evaluate the the-

oretical framework and reproducibility of experiment outcomes ([17, 63, 24, 8,

46, 54, 36, 9]) or solely to understand the process itself. More recently, poly-

mer translocation work has benefited from software packages that allow con-

trolled visualizations of the process, as well as turning to high performance

computing methods to more quickly produce thousands of simulated translo-

cation events. Simulations, therefore, have the potential to give unique insight

and allow the evaluation of many possible outcomes to assist in fine tuning fu-

ture experiments for efficiency and reliability. Below, several simulation results

are explored.

Dynamical Scaling Exponents for Polymer Translocation through a Nanopore

[63]

In 2008, Luo et al. sought to resolve discrepancies in literature centered around

the scaling exponent and scaling law of translocation time τ as a function of N

through the familiar power-law relation: τ ∼ Nα. Luo et al. set several 2D and

3D models for simulating both driven and unbiased polymer translocation for

various polymer lengths, 15 ≤ N ≤ 800. Luo et al. found that for unbiased

translocation, in both 2D and 3D, α = 1 + 2ν. For driven polymer translocation

in 2D there is a crossover from short to long N that is reflected in α ≈ 2ν for

N ≤ 200 which flips to α ≈ 1 + ν for long N . For driven translocation in 3D,
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the crossover vanishes yet 2ν < α = 1.42 < 1 + ν for N ≈ 40 − 800. Luo

et al. considered if the crossover region might be found at even larger N than

simulated here because the nonequilibrium effects should be more pronounced

in 3D.

Scaling Exponents of Forced Polymer Translocation through a Nanopore [8]

In 2009, Bhattacharya et al. performed three-dimensional Langevin dynamic

simulations of forced polymer translocation. They were interested in the scal-

ing dependence of the polymer chain length, N , and used the average velocity,

vcm, of the polymer’s center of mass during translocation to quantify the pro-

cess. Bhattacharya et al. also evaluated the radius of gyration, Rg, and found

that there was a dependence in the scaling exponent on the nanopore geome-

try. Bhattacharya et al. observed that the shape of the polymer chain changed

substantially during translocation, and found the translocation time to vary as:

τ ∼ Nα (3.9)

〈τ〉 ∼ 〈Rg〉
〈vcm〉

(3.10)

where α is the scaling exponent.

Bhattacharya et al. identified how boundaries on scaling exponents may

arise from conformational changes in the polymer due to chain length and the

time dependent quantities. Testing on both a triangular and square lattice, Bhat-

tacharya et al. found their results to remain consistent with current theoretical

models indicating geometric dependencies of the pore width. By performing

numerous simulations on a wide range of polymer lengths, Bhattacharya et al.
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provided a basis of relating conformational changes in the polymer to the pas-

sage time of nanopore translocation.

Memory Effects During the Unbiased Translocation of a Polymer through a

Nanopore [36]

In 2012, de Haan and Slater performed unbiased translocation simulations us-

ing Langevin dynamics to determine if forward and backward motion of a poly-

mer was correlated to solvent viscosity. de Haan and Slater found that at short

time scales forward-correlated motion was most likely related to the inertial

term in the equation of motion. They also demonstrated that beyond short

time scales the polymer’s motion would be affected primarily from the solvent

viscosity. For low viscosity solvents, the net motion of the polymer would con-

tinue forward due to a lack of damping, whereas high viscosity solvents would

induce a backward correlation of the polymer’s movement, emphasizing the

relevance of polymer motion prior to translocation.

3.1.5 Tension Propagation and Capture Process

Apart from the translocation process itself, this thesis explores the drift-diffusion

balance of the simulated system as a whole, and specifically the dynamics in-

volved in the capture process of the polymer, and the resulting propagation of

tension along the chain arising from competing thermal and electrical forces.

Thought to compress and elongate the polymer, these conformational changes

would then oppose one of the fundamental assumptions in the majority of

coarse-grained simulations of polymer translocation: the polymer begins translo-

cation in a relaxed, equilibrated state. The simulation of the capture process

has been developed in limited detail and therefore few contemporary groups
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exploring this phenomenon through computational models exist. Relevant the-

oretical, experimental, and computation models are provided as they relate to

the simulation methodology of the capture process developed here.

Nonequilibrium Dynamics of Polymer Translocation and Straightening [81]

In 2007, Sakaue produced an analytical model to describe the absorption of a

polymer by a hole and identifies polymer translocation as being one of the most

relevant cases of polymer stretching due to an externally imposed velocity gra-

dient. The model begins by assuming a polymer has arrived by an end to an

attractive hole. Here, the first monomer will be pulled strongly, which will af-

fect the monomers in its immediate rear vicinity, but not those further along the

chain. This subunit of initial monomers being pulled will start to move with

an average velocity reflected by the velocity gradient near the hole. Conceptu-

ally, this motion gives rise to an interface where the monomers attracted to the

nanopore cross into a region of ’strong’ absorption from their initial position of

equilibration at rest.

Sakaue concludes that an externally imposed velocity gradient (i.e., the nanopore

absorption) can exceed the inverse relaxation time for long polymers. Thus the

rate at which the polymer is absorbed into the nanopore is faster than the time

it takes for the polymer to relax. Fig. 3.1 illustrates how it is possible for a poly-

mer to be absorbed by the nanopore faster than it can relax, and resembles the

behaviour of biased translocation events.

Dynamical Diagram and Scaling in Polymer Driven Translocation [79]

In 2011, Saito and Sakaue proposed a dynamical scaling model that applies to

most polymer translocation scenarios found in literature. They developed a
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more comprehensive picture for tension-propagation physics as it pertains to

driven translocation. The goal was to expand current theory to cover a greater

range of parameters arising from distinct nonequilibrium conformations of real

experiments. The key discovery of the work here by Saito and Sakaue was that

finite-size effects play a crucial role when attempting to compare experiment to

simulation, and, apart from a near-equilibrium regime, Saito and Sakaue find

three distinct additional nonequilibrium regimes- each with a unique scaling

exponent.

FIGURE 3.1: On-end elongation typical of the capture process un-
der tuned P conditions.

The path of tension-propagation theory emphasizes that an event will first

begin in the equilibrium state, then progress into one of three tension-propagation

states. Dictated by the force felt and configuration of the polymer, one regime

may emerge as the dominant scenario. In between these two tension-propagation

regimes lies a boundary, or cross-over, regime. Saito and Sakaue propose that

perhaps there are in fact many different regimes and the finite-size effects may

make it hard to obtain an accurate exponent. They quantify the translocation

time as being perhaps a combination of each regimes’ effect.

For the work done in this thesis, tension-propagation effects are emphasized

when simulating the capture of the polymer under suppressed diffusion con-

ditions. Fig. 3.1 illustrates the propagation of tension along a polymer chain.
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Here the extension of monomers that are being pulled into the nanopore con-

trast those which have not yet felt the field effects and remain in an initial, more

relaxed configuration.

Chain Deformation in Translocation Phenomena [19]

In 2012, Farahpour et al. looked at the deformation of ssDNA as it is captured

and pulled into the pore. Capture occurs at a distance of rcap from the pore, and

identifies where the electric field gradients sharply increase towards the pore,

facilitating translocation.

First proposed by Kowalczyk et al. [49], an oblate spheroidal coordinate

system was used to solve the following Laplace equation in 3D:

52V =
3∑
i=1

∂2Φ(µ, ν, φ)

∂u2i
(3.11)

An oblate spheroidal coordinate system has two sets of curvilinear coordinates

obtained by revolving elliptical cylindrical coordinates about one axis, and a

third set of coordinates that are planes passing through the same axis. This

coordinate system successfully describes the electric potential as a function of

the pore shape and the applied voltage. Farahpour et al. adapts this method

for simulations by setting the electrodes at infinity and assumes that a one-

sheeted hyperboloid with ν = ν0 may be substituted for the pore (radius a) and

membrane wall (length l). Here ν is an arbitrarily small value, ν � π/2, and

is obtained via ν0 = cos−1(a/c), where c is the radius of the focal ring of the

coordinate system. Forcing a > l, the solved Laplace equation will yield an

expression for a continuous electric potential over all space:

Φ(µ, ν, φ) =
V0
π

tan−1(sinhµ) (3.12)
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where (µ, ν, φ) are the oblate spheroidal coordinates, and V0 is the potential

drop across the system and µ ∈ (−∞,+∞), ν ∈ [0, π], φ ∈ [0, 2π]. The oblate

spheroidal coordinates map to cylindrical ones through the following relations:

ρ = c cosh µ cos ν; z = c sinh µ sin ν; φ = φ.

Fig. 3.2 and Fig. 3.3 illustrate the oblate spheroidal coordinate system.

FIGURE 3.2: The revolution of elliptical cylindrical coordinates
form two of the coordinates in an oblate spheroidal coordinate

system [96].

By analytically solving for this electric field, both inside and outside the

pore, Farahpour et al. created a more realistic situation for capture, with the

field converging into the pore on the cis side and diverging out from the trans

side. This also led to the prediction that any charged polymer close enough to

be captured, would necessarily become elongated as it is pulled unevenly to-

wards the pore. To test this assumption Farahpour et al. performed simulations

using hybrid lattice Boltzmann-molecular dynamics (LB-MD) such that long

range hydrodynamic interactions as well as electrostatics could be included on
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FIGURE 3.3: The third set of coordinates in an oblate spheroidal
coordinate system consists of planes passing through the axis de-

picted in Fig. 3.2. A sample plane is shown [96].

the short polymers (N = 10-60). When the simulation begins the polymer is po-

sitioned along the pore’s axis, a distance of rcap from the pore’s mouth. Here,

the polymer is left to equilibrate until it is fully relaxed, at which point the ap-

plied electric field is turned on and the capture process begins. Once sufficient

samples were recorded for each polymer of length N , Farahpour et al. iden-

tified that there are two forces at play: an electrophoretic force acting on the

charged monomers; and the non-uniform nature of the electric field depending

on the distance from the pore. Both force effects were found to elongate the

polymer.

Electrophoresis of DNA Coil Near a Nanopore [76]

In 2013, Rowghanian and Grosberg developed an analytical model to describe

the electrophoretic flow of a solvent around a long rigid polymer. Focusing on

the solvent effects near the mouth of a nanopore during capture and translo-

cation, this mathematical analysis provided a rigorously solved model for a

plausible explanation of the effects of an external field on the solvent’s motion.
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Rowghanian and Grosberg based the behaviour of the solvent on that of an

elongated jet, or ’flow-field’, which is modelled after a thin jet injecting momen-

tum into a liquid. They were successful at describing how an electrophoretic

flow will circulate around a coiled polymer as it translocates through a nanopore.

Rowghanian and Grosberg outlined how changes in the applied field provide a

source of momentum for the solvent and the model replicates the size-independent

electrophoretic mobility found in experiment.

Electrophoretic Capture of a DNA Chain into a Nanopore [77]

In 2013, Rowghanian and Grosberg used the theoretical model they developed

regarding the electrophoretic flow of a solvent near a nanopore and expanded

it to detail the capture process of a polymer as it moves through an externally

applied field. Rowghanian and Grosberg reproduced the diffusion limited and

barrier limited regimes previously observed in experiment during the capture

process. They find that the data fit indicates the capture rate increases with N

to the power α = 1.03±0.16. They mention that the experimental data collected

may have been from a region where crossover from barrier-limited to diffusion-

limited regimes occurred. Their methodology is important to the work in this

thesis as the model is one of the first that describes the shape changes of a

polymer as it is captured by a nanopore for translocation.
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SIMULATION APPROACH

4.1 Translocation Conditions

4.1.1 Nanopore

For all translocation dynamics simulated in this work, a cylindrical nanopore

was modelled with an effective pore diameter of ≈ 1.4σ and a length of ≈ 1σ.

With an effective diameter slightly smaller than the width of 1.5 monomers,

single-file translocation is forced and must occur by one of the polymer’s two

ends.

polymer

monomers
nanopore

direction 
of 

translocation

membrane

FIGURE 4.1: A schematic of the nanopore system used for simula-
tions.

The nanopore resides at the center of an impenetrable ’membrane’, and is

positioned at the center of the simulation environment. Fig. 4.1 provides a

schematic of the simplified system. Here translocation occurs when a polymer

46
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passes from the cis side of the nanopore, through the nanopore, and exits on the

nanopore’s trans side. The membrane is not made up of simulation monomers,

but rather it is quantified by the excluded volume and repulsion potential. It

spans the entire plane orthogonal to the nanopore’s axis and is ≈ 1σ in length

along this axis.

4.1.2 External Field

To focus on the dynamics surrounding the capture of the polymer by the nanopore

and how this affects translocation, it is necessary to include the full electrical

effects of the external field outside the nanopore. A finite difference approach

was utilized to solve the potential in the system and the resulting field was im-

plemented into the simulations as radial and axial forces. Fig. 4.2 illustrates the

applied potential both in and around the nanopore, with the top of the figure

corresponding to the cis side of the nanopore.

Notice how the potential is flat far from the nanopore on both sides. Most

simulations to date consider the applied field to be negligible outside the nanopore

and so model a flat potential everywhere but within the nanopore itself. How-

ever, Fig. 4.2 clearly shows that there are high field gradients close to the nanopore

that will pull the polymer in on the cis side and push the polymer out on the

trans side.

4.1.3 Péclet Number

The drift and diffusive dynamics that arise during translocation must be quan-

tified. Here, drift refers to the directed dynamics -the field effects- that drive

the polymer through the system and arise from the potential as calculated for

the geometry of the nanopore. The thermal energy of the system is quantified
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FIGURE 4.2: A cross-section of the external potential applied to
the system. The center of the nanopore is located at [x y z]=[200

200 200].

by kBT , where kB denotes the Boltzmann constant and T is the temperature of

the system, and describes the diffusive dynamics of the polymer’s movement.

The drift-diffusion balance throughout the system is characterized by a di-

mensionless parameter that describes the relative strength of the thermal en-

ergy to the electric field strength. P , the Péclet number, is defined here:

P =
vL

D
(4.1)

where v is the drift velocity, L is a characteristic length, and D is the diffusion

coefficient. As described earlier, the diffusion coefficient can also be given by
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D = kBT/γ. Additionally, in an overdamped system, recall the drift velocity, v,

can also be given by v = F/γ where F is the driving force and γ is the friction

coefficient.

Substituting these parameters into Eq. 4.1, the Péclet number can also be

defined as:

P =
FL

kBT
(4.2)

where, for the simulation work done here, L, the polymer length, is denoted by

N . Therefore, for any polymer length, N , we find that P ∼ F/kBT .

The Péclet number can take on a range of values and it has been shown in

prior work that altering the temperature of the system is the most appropri-

ate method of choosing different Péclet numbers [34]. Thus selecting different

values for kBT will simulate different Péclet numbers.

In this work two different Péclet numbers were chosen for comparative sim-

ulations:

i) a “default Péclet” number: By setting kBT = 1.0 a diffusion-dominated sys-

tem is created. This is representative of the majority of coarse-grained studies

of translocation using ‘default’ parameters. Previous work has demonstrated

that this value may over-estimate the thermal component [34].

and

ii) a “tuned Péclet” number: By setting kBT = 0.1 a system where diffusion is

suppressed is created. An order of magnitude lower than default P , this value

more accurately reflects the drift-diffusion balance as it is more closely ’tuned’

to experimental conditions [34].
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4.2 Simulation Protocols

The translocation of a freely-jointed polymer chain through a nanopore was

modelled using a standard coarse-grained approach [86]. Here, two differ-

ent simulation protocols are used: the standard approach and a newly devised

capture approach. At present, most standard simulation methodologies over-

simplify the physical conditions of polymer translocation through a nanopore.

With this in mind a revised methodology was designed to account not only for

the force effects inside the nanopore but also for the physical conditions im-

posed on the polymer during the capture process- i.e., how the drift-diffusion

balance affects the progression of a polymer towards the nanopore.

4.2.1 Standard Protocol

In order to obtain a baseline for the simulation environment, a protocol based

on current methodologies was designed. Referred herein as the standard proto-

col, results found in current literature were reproduced such that this method-

ology may be compared to the newly developed capture simulation protocol.

The standard protocol corresponds to an approach that is typical of the ma-

jority of polymer translocation simulation studies. These methodologies as-

sume that any externally applied field is strongest inside the nanopore and

quickly dies off on both the cis and trans sides. They are therefore designed

such that any applied field, regardless of geometry, is contained within the

nanopore and zero elsewhere. This results in an additional force being applied

only to the current monomers found within the nanopore at any given time.
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Equilibration

In the absence of any applied external field, equilibration of the polymer is

achieved with one or more monomers fixed in place within the nanopore. The

radius of gyration, Rg, is recorded for both perpendicular, Rg⊥ , and parallel,

Rg|| , directions. Here the reference point is the nanopore, where Rg|| describes

the axis running through the nanopore.

Once equilibrated, the fixed monomers are released and the external field

is turned on. This forced initial starting condition is unrealistic as it assumes

the polymer to start translocation not only in an equilibrated conformation, but

also prethreaded in the nanopore.

Translocation

A successful translocation event occurs when a polymer passes through the

nanopore and exits on the trans side, at which point Rg is again recorded once

the last monomer in the chain has left the nanopore. Occasionally the polymer

may retract to the cis side once released from equilibration. This is treated as a

failed translocation event.

4.2.2 Capture Protocol

By focusing on the capture process of a polymer by a nanopore, a newly de-

vised simulation protocol was evolved with the expectation of more closely

tying experimental results with current theoretical translocation models. Re-

ferred herein as the capture protocol, it is an extension of the system devised in

[65]. A schematic depicting each phase is provided in Fig. 4.3 and, as with the

standard protocol, Rg is recorded at each defining stage. Fig. 4.3 illustrates the
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FIGURE 4.3: Schematic representation of the capture protocol. A
successful translocation occurs when the polymer passes from I-V.
Unsuccessful translocation events will either diffuse away(I-b), or

remain stuck(II-b) and unable to thread [92].
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full capture-translocation process used in the simulations. All relevant stages

discussed are identified.

Equilibration

The polymer is built on the cis side of the nanopore with its first monomer

placed on a hemisphere a distance of 125σ from the center of the nanopore.

This location is regenerated for each independent run of the simulation such

that a well-distributed spatial sampling of initial polymer starting coordinates

may be tested. The N/2 monomer is fixed in place and in the absence of any

external field the polymer is left free to equilibrate for a period of time longer

than the N -dependent relaxation time. This permits a symmetric relaxation of

the polymer and prevents premature biasing towards the same on-end capture

that can occur by equilibrating the polymer with an end fixed. (ref. section I in

Fig. 4.3).

Transport

In order to simulate the capture process, the polymer must be permitted to dif-

fuse into the high field regions found close to the nanopore. Here, the poly-

mer will cross into a region dominated by drift and be pulled towards the

nanopore. Regardless of the system conditions, simulations run at either Péclet

number will produce diffusion processes that are naturally quite lengthy. It is

not at all unlikely for the polymer to diffuse away from, instead of towards, the

nanopore. Thus, in order to favour diffusion towards the nanopore, the polymer

is transported in its equilibrated configuration closer to the nanopore. The poly-

mer is transported along a radially extending vector that connects the center of

the nanopore to the closest monomer. After transportation the monomer will
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reside on a hemisphere of distance Rport from the center of the nanopore. Rport

is defined independently for each Péclet condition and identifies a distance at

the far extent of the external field profile of suitable trade-off between efficient

simulation durations and negligible field effects. For default P Rport = 22 and

for tuned P Rport = 30.(ref. section I in Fig. 4.3). Rport choices are discussed in

Sec. 4.3.

Diffused Away

Although the system is tuned to encourage polymer diffusion towards the nanopore,

there are still situations in which the polymer will instead diffuse away. If the

polymer diffuses too far away from the nanopore it is highly unlikely that the

polymer will then return close enough to the nanopore. In this case, the simu-

lation is instead restarted when the closest monomer is found beyond a cutoff

distance of 40σ. Rg is not recorded in this case. (ref. section I-b in Fig. 4.3).

Contact

If the polymer instead diffuses toward the nanopore it will diffuse close enough

to the nanopore where it is captured by the external field around the nanopore.

As the polymer is driven closer to the nanopore it will eventually make con-

tact with the nanopore, which is considered the point at which the polymer

’sees’ the nanopore. This is defined at a distance of 2.5σ and is particular to the

geometry of the nanopore. Once the closest monomer crosses this boundary,

Rg is recorded in order to document the configuration of the polymer as it ap-

proaches the nanopore for translocation. Note that contact need not be made

by an end monomer. (ref. section II in Fig. 4.3).
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Stuck

Under certain simulation conditions the likelihood of the polymer becoming

stuck at the nanopore’s entrance increases substantially. A stuck event occurs

when a polymer is unable to thread into the nanopore on-end. With the external

field pushing the polymer towards and against the nanopore and membrane,

a polymer, unable to thread for translocation, can remain at the mouth of the

nanopore for a long time. Rather than wait for a possible, but unlikely, suc-

cessful thread event, the simulation is terminated after 3τRx, where τRx is the

relaxation time of the polymer. Rg is not recorded. (ref. section II-b in Fig. 4.3).

First Thread

Threading is defined when a polymer is pulled into the nanopore and its lead-

ing monomer crosses the axial midway point. The nanopore is sufficiently nar-

row to force single file translocation and as a result threading will most likely

occur by an end. A first thread event is defined by the first occurrence of a

monomer crossing this midway point. A parallel may be drawn to the initial

setup in the standard protocol where at least one monomer is fixed inside the

nanopore. Rg is recorded. (ref. section III in Fig. 4.3).

Last Thread

With the inclusion of the external field, the simulation explores the effects of

competing thermal and field forces. This is most evident during threading

events, as under certain conditions the thermal effects may be strong enough

to pull a threaded polymer back into the cis side. However, since the external

field is not contained to the inside of the nanopore (as in the standard protocol),

but rather extends out beyond the nanopore, field forces can drive the polymer
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back towards the nanopore to attempt threading once again. This process of

rethreading and retracting may repeat a number of times. If a thread event re-

sults in a successful translocation, the event is recorded as the last thread and

Rg is recorded. (ref. section IV in Fig. 4.3).

Translocation

Translocation is defined by a polymer passing through the entire length of the

nanopore and exiting on the trans side. It is directly preceded by the last thread

event. Each monomer leaving the nanopore in single-file must cross a distance

of 1.0σ from the center point of the nanopore for a successful translocation to

be recorded. If successful, Rg is recorded. (ref. section V in Fig. 4.3).

4.3 Additional Considerations

4.3.1 Determination of Rport

As discussed, the capture protocol involves transporting the equilibrated poly-

mer to a location that is close enough to the nanopore to favour translocation,

yet far enough away not to start in the high field regions. This distance, Rport,

extends radially outward from the nanopore center and resides on the surface

of a 3D hemisphere enclosing the nanopore. To facilitate translocation, simu-

lation constraints aim to maximize computational efficiency, and by choosing

an appropriate value for Rport, significant reductions in computational time are

possible. This is a direct result of the likelihood for any one event to fail by ei-

ther diffusing away from the nanopore or by becoming stuck, thus triggering an

additional translocation event attempt. In addition, to properly model the cap-

ture process the polymer cannot be placed too close to the nanopore. The initial
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diffusion towards high field regions not only affects the polymer’s conforma-

tion, it is also central to the work of this thesis which is motivated to identify

how the full capture process may alter translocation dynamics in simulations.

To achieve this condition, the initial transportation distance, Rport, must be

substantially further away from the nanopore under tuned Péclet conditions

than Rport under default Péclet conditions. Under default Péclet conditions dif-

fusion dominates the system thus the placement of the polymer is not particu-

larly sensitive to the starting location outside the high field region. The poly-

mer quickly relaxes relative to the time it takes to diffuse towards the nanopore.

However, under tuned Péclet conditions diffusion is suppressed. This permits

the closest section of the polymer to be caught by the high field and driven in

towards the nanopore. Under these conditions the polymer is unable to fully

relax once caught, and effectively pulls itself monomer-by-monomer towards

the nanopore. In both cases, there is a chance for the polymer to become ’stuck’

at the entrance of the nanopore when not caught on end, as single-file translo-

cation is required.

The locations of Rport were therefore determined via a set of runs testing the

effect of gradually increasing the distance of Rport for both Péclet conditions.

Here a minimum of 2000 successful translocation events were performed for

each value of Rport. Fig. 4.4 and Fig. 4.5 identify the average rate of failure

for polymers at each distance. The values chosen for Rport are based off of the

N = 100 runs. As shown, it is necessary to choose different values of Rport for

each Péclet number. At default P Rport is set to 22, and for tuned P Rport is set

to 30. Here a balance of failed attempts to successful translocations is achieved

while maintaining a statistically relevant sample size of initial polymer config-

urations.
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FIGURE 4.4: Event failure rates for five different values of Rport.
Here N = 100 at default P .
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FIGURE 4.5: Event failure rates for five different values of Rport.
Here N = 100 at tuned P .
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4.3.2 Computational Details

Software

All polymer translocation simulations used the open-source software package

ESPResSo[55]. It is designed for soft-matter research and permits customiza-

tion of many particle simulations, coarse-grained for molecular dynamic appli-

cations, such as the polymers used for translocation in this work. To visualize

the translocation events, the modelling and visualization program, VMD [39],

provides a graphical interface that allows manipulation and recording of the

translocation events. Polymer screen shots in this thesis were obtained from

simulations run by ESPResSo and visualized with VMD.

Data

The range of polymer length, N , used (N=50,100,200) is sufficient for extracting

scaling trends in the work presented here. Simulation runs of translocation for

N=25 and 300 were run as checks in addition to the standard polymer lengths.

The work here is primarily focused on identifying whether or not the capture

process, typically omitted in translocation simulations, is essential to transloca-

tion modelling. As the standard error scales like∼ 1/
√
N , there are diminishing

returns with increasing N . It is not necessary to use longer lengths and those

used here prove sufficient. In addition, as simulating the capture process is

computationally expensive, there are limitations in the number of runs that can

be performed. Although scaling trends can be recovered in as few as 300 runs,

a minimum of 1000 runs for each distinct simulation condition is necessary to

confidently reflect the statistical variance in the data. Thus, reviewing at least

2000 independent simulation runs for each condition provides an appropriate

balance between computational expense and accuracy.
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RESULTS

5.1 Review of Results

For both the standard and capture protocols (see Ch. 4), conformational changes

in polymer chains of length N = 50, 100, 200 were recorded during the translo-

cation process. By examining the compression and elongation of a polymer via

its radius of gyration it was possible to comment on the shortcomings of current

simulation methodologies and offer a possible explanation for the discrepancies

often found between experiment and simulation.

5.1.1 Simulation Cases

Before reviewing the results, it may be of benefit to first restate the defining

characteristics of the simulation methodologies used. Recall that there are two

simulation protocols; the standard protocol, in which the polymer begins translo-

cation pre-threaded in the nanopore, and the capture protocol, in which the

polymer first diffuses towards the nanopore before threading for translocation.

Note that in the standard protocol the electric field is applied only within the

nanopore and in the capture protocol the electric field extends outward from

the nanopore to model the nanopore pulling in on its cis side and and pushing

61
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out on its trans side. In addition, both of these protocols are run at two differ-

ent Péclet values to quantify the drift-diffusion balance; a default Péclet value

which is typically used as a default setting in current simulation literature, and

a tuned Péclet value which reflects prior work that tuned the drift-diffusion

balance of simulations to more closely match experimental conditions. Thus,

there are four independent cases: standard-default (SD), standard-tuned (ST),

capture-default (CD) and capture-tuned (CT).

5.1.2 Event Types

Table 5.1 summarizes the number of runs performed at each Péclet value for the

capture protocol. Although 2000 successful translocation events were recorded

for each N , the possibility exists for a simulation to instead be terminated via

a stuck or diffused away event (ref. Sec. 4.2.2), thereby increasing the overall

number of simulations performed under either Péclet condition. Counts of the

standard protocol are not included as the polymer either completes translo-

cation or fails. For consistency, 2000 standard translocation events are also

recorded for each N .

Recall that stuck events are those in which the polymer is compressed against

the membrane at the mouth of the nanopore for an extended period of time un-

able to overcome the energy barrier to thread by an end. Diffused away events

are those in which the polymer initially diffuses away from the nanopore and

passes beyond the cutoff distance.

When comparing across N , stuck events are more likely under tuned P con-

ditions where the polymer approaches the nanopore in an elongated configura-

tion. Here diffusion is suppressed; a polymer that does not thread quickly will
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TABLE 5.1: Counts of Capture Protocol Event Outcomes

P value Polymer Length Stuck Diffused Away Translocated

50 1171 475 2000
Default Péclet 100 511 377 2000

200 267 287 2000

50 1081 1836 2000
Tuned Péclet 100 1404 1751 2000

200 1750 1250 2000

become stuck, unable to relax or produce large enough thermal kicks to reori-

ent and attempt to thread by an end. Under default P conditions however, the

opposite is true and a polymer which may at first appear to be stuck can more

readily reorient itself and thread by an end.

The number of diffused away events decreases asN increases for both Péclet

numbers. For longer polymers, diffusion is a reduced effect and this is reflected

in the simulation where more polymers are captured by the nanopore than dif-

fuse away. However, when a polymer is captured it may either translocate

successfully or become stuck. The additional thermal energy available under

default P permits a greater number of potentially stuck polymers to instead

thread for successful translocation.

5.2 Polymer Configurations

5.2.1 Standard Protocol

Fig. 5.1 shows both the parallel (on-axis with nanopore), Rg|| , and perpendicu-

lar, Rg⊥ , radius of gyration for the standard protocol translocation results. For

all N , Rg|| and Rg⊥ are recorded at the start of translocation and again after
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translocation once the polymer has fully passed through the nanopore. These

values are compared against the equilibrium radius of gyrations, Rgeq , denoted

by the dashed horizontal line in Fig. 5.1, for both default and tuned Péclet num-

bers. It is important to point out that the error bars in Fig. 5.1 represent the

standard deviation of the average polymer configuration found at each stage,

and therefore represent the variability in Rg, thus identifying the likelihood the

polymer will be found in a compressed or extended state at either stage of the

translocation process. Note that the standard error is on the order of the data

points and reflects confidence in the mean Rg reported for each stage.

Default Péclet

At default P the polymer is found in a near fully equilibrated conformation at

the start of translocation. There is slight extension of the polymer on-axis and

Rg|| increases only slightly with increasing N . Rg⊥ however, shows small in-

creases in compression as N is increased. Here the slight distortion reflects the

standard protocol’s initial condition of prethreading the polymer for translocation-

there is a natural repulsion of the polymer away from the membrane. However,

as this distortion is minimal, the polymer is considered to be in an equilibrium

conformation.

After translocation the polymer is compressed in both parallel and perpen-

dicular directions. The compression of both Rg|| and Rg⊥ below Rgeq occurs for

all N and in fact this compression increases with increasing N . This is a direct

result of crowding effects on the trans side of the nanopore as there is no exter-

nal field to pull the monomers away from the nanopore. With the field applied

only on the inside of the nanopore, each consecutive monomer exiting on the

trans side leads to an increase in monomer density and smaller Rg values. This
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FIGURE 5.1: Results of the standard protocol at both Péclet values.
The y-axis indicates the average radius of gyration, Rg, and the x-
axis the average time. Here t = 0 corresponds to the release of
the polymer and start of translocation. BothRg|| andRg⊥ are com-
pared at both stages with the dashed horizontal line referencing
the equilibrium conformation of the polymer. Error bars indicate
the variation in Rg observed and as such refer to the standard de-
viation not the confidence in the data points; the standard error
is on the order of the data points themselves. The dotted ellipses
correspond to the equilibrium conformation of the polymer with
solid superimposed ellipses representative of the average config-
uration of the polymer at each stage. All ellipses are drawn to

scale.
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effect grows as the number of monomers increase, and so, for longer polymers

the compression is more pronounced.

Tuned Péclet

At tuned P the polymer is also found in a near fully equilibrated conforma-

tion at the start of translocation. Post-translocation the polymer is compressed

below Rgeq in both Rg|| and Rg⊥ . However, due to suppressed diffusion effects

under tuned P conditions the compression is greater than in default P , and this

can be explained by the decrease in thermal energy available to the polymer for

relaxation through random kicks. Instead of slowly dispersing away from the

nanopore exit, the monomers remain closer longer, increasing in density and

thus crowding effects are more pronounced, with Rg increasingly falling below

Rgeq at longer N .

5.2.2 Capture Protocol

Fig. 5.2 shows both the parallel, Rg|| , and perpendicular, Rg⊥ , radius of gyra-

tion for the capture protocol translocation results. For all N , Rg|| and Rg⊥ are

recorded at each of the five stages of the capture protocol: transport, contact,

first thread, last thread and translocation. These values are compared against

the equilibrium radius of gyration, Rgeq , denoted by the dashed horizontal line

in Fig. 5.2, for both default and tuned Péclet numbers. Since the transport stage

of the capture protocol is simply the fully equilibrated polymer transported

closer to the nanopore this stage is not shown in Fig. 5.2, and is instead reflected

by the dashed horizontal Rgeq line. Additionally, the x-axis is shifted such that
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time t = 0 now coincides with the contact stage and where the average du-

ration of all successive stages are thus described relative to making contact at

time t = 0.

As with the standard protocol results, the error bars in Fig. 5.2 represent

the standard deviation in the configurations and so reflect the variability in

Rg. Thus, for all stages of the capture protocol, the variability of the polymer

existing in a compressed or elongated configuration is provided. As before, the

standard error is on the order of the size of the data points and therefore reflects

small uncertainty in the mean values reported.

Equilibration & Transport: (not shown in Fig. 5.2) After the polymer is first

relaxed in free space, Rg|| and Rg⊥ are found to be in agreement with Rgeq and

this holds true for all polymer lengths simulated under both Péclet conditions.

While keeping the equilibrated configuration intact, the polymer is then trans-

ported closer to the nanopore in preparation for the start of the simulated cap-

ture process. In Fig. 5.2,Rgeq of the equilibrated polymer is denoted by a dashed

horizontal line for both P values. Additionally, Fig. 5.3 highlights the nonequi-

librium shapes the polymer progresses through during the capture process with

Rgeq provided as a dotted ellipse for reference.

Default Péclet

At default P the polymer is generally found below Rgeq and stretched slightly

on-axis. As N increases, the duration between first and last thread dominates

the time scale and this is reflected in the increased compression in both Rg|| and

Rg⊥ for longer N .
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FIGURE 5.2: Results of the capture protocol at both Péclet values.
The y-axis indicates the average radius of gyration, Rg, and the
x-axis the average time. Here the four phases of the capture pro-
tocol: contact C, first thread FT, last thread LT and translocation
T, are identified. Both Rg|| and Rg⊥ are compared at both stages
with the dashed horizontal line referencing the equilibrium con-
formation of the polymer. Error bars indicate the variation in Rg
observed and as such refer to the standard deviation not the con-
fidence in the data points; the standard error is on the order of
the data points themselves. Please refer to Fig. 5.3 for detailed

schematics of polymer configurations.
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Contact: When the polymer first makes contact with the nanopore there is a

slight elongation in Rg|| . This stretching is a result of the monomers being

driven in towards the nanopore as the polymer passes into regions of high

field strength. Due to gradients near the mouth of the nanopore, monomers ap-

proaching this region first will experience a stronger force than those monomers

farther away, thus creating an unbalanced rate of transport that extends the

polymer. As N is increased, Rg|| rises further above the Rgeq line and Fig. 5.2

illustrates how the external field counters diffusion by pulling the polymer out

of a relaxed conformation. Accordingly, the polymer also experiences com-

pression in Rg⊥ proportionate to the amount it is stretched on-axis and, when

the polymer length is increased, Rg⊥ drops further below Rgeq . Fig. 5.4 iden-

tifies which monomer is most likely to make contact with the nanopore first.

Although there are more individual events for on-end contact, the majority of

contact events for default P occur from monomers elsewhere along the polymer

chain.

First Thread: As the nanopore’s diameter is only wide enough for one monomer,

it forces single-file translocation of polymer. Although the polymer must thread

for translocation, Fig. 5.4 also reveals a fair number of contact events where

the polymer arrives by a more central monomer. Indeed, regardless of which

monomer initially makes contact, translocation is still likely to occur, and is

largely attributed to the highly diffusive environment; the polymer is continu-

ously reorienting via thermal kicks such that an end monomer will eventually

locate the nanopore and thread. It is this variability in time, the duration from

contact through to a successful thread, that defines the characteristics of the
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capture protocol at default P . Fig. 5.5 provides distributions of the threading

time for all events that end in translocation (as opposed to stuck or diffused

away).

For default P the threading time can become quite lengthy and directly re-

flects the time spent by the polymer fluctuating at the nanopore waiting for an

end to thread. In fact, this process may last long enough for the external field

to push the polymer such that it crowds the cis side of the nanopore.

In Fig. 5.2, first thread is shown compressed in both Rg|| and Rg⊥ directions

for N = 50 and N = 100, with both values below Rgeq . N = 200 finds com-

pression in Rg⊥ below Rgeq while Rg|| , although slightly compressed from con-

tact, remains above Rgeq . This reflects the increase in N where it is likely for

a thread event to occur on one end of the polymer while the rest has not yet

been compressed closer. For all N at default P , the average polymer configura-

tion transitions from slightly elongated at contact to slightly compressed at first

thread. Fig. 5.3 depicts schematics of the polymer configurations as they relate

to Fig. 5.2.

Last Thread: The last thread stage of the capture protocol can be compared to

the initial stage of the standard protocol: Recall the polymer is equilibrated with

an end prethreaded, and both the initial and last thread stages directly precede

translocation. As diffusion is favoured under default P , there is sufficient en-

ergy available for thermal kicks to jostle the polymer such that it retracts from

the nanopore after it threads. In the standard protocol the simulation would be

terminated as there is no external field profile to guide the polymer back to the

nanopore. The capture protocol however, facilitates rethreading of the poly-

mer and this can in fact happen many times. If the polymer was not already
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compressed during the first thread attempt (such as first thread at N = 200 in

Fig. 5.2), the increased time spent fluctuating, retracting and rethreading, will

undoubtedly position the polymer to incur additional field effects, driving it

further into a compressed state for both Rg|| and Rg⊥ directions.

Fig. 5.2 verifies this compression for all N ; particularly for N = 200 where

Rg|| crosses over from an extended conformation above Rgeq , and joins Rg⊥ in

a compressed state below Rgeq . The polymer configurations at N = 50, 100

were already compressed to the point that no significant change was observed.

Comparisons of the polymer conformations at all stages are compared against

Rgeq in Fig. 5.3.

Translocation: On the cis side of the nanopore, the external field is responsi-

ble for the ongoing compression of the polymer in both Rg|| and Rg⊥ directions

just prior to translocation. With each of the polymer’sN monomers particularly

close to the mouth of the nanopore, the final stage of the translocation process is

able to finish quite fast. As the capture protocol was designed with a full exter-

nal field profile, the field begins on the cis side, flows in through the nanopore

and fans upward and outward on the trans side of the nanopore (re: Fig. 4.2).

Therefore, as each monomer exits on the trans side during translocation, the

field continues to drive the monomers up and away from the nanopore’s exit.

This is fundamentally different than the results reported via the standard pro-

tocol. With no external field, the monomers in the standard protocol exhibit

crowding by the trans exit of the nanopore. Here, at default P , both Rg|| and

Rg⊥ , for all N , are elongated compared to the more compressed conformation

the polymers displayed at last thread. The schematics in Fig. 5.3 illustrate how
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FIGURE 5.3: Polymer configurations for the capture protocol at
both Péclet numbers. Solid ellipses represent the average poly-
mer conformation at each stage with dotted ellipses referencing
the equilibrium configuration of the polymer. Ellipses are scaled

to N=50 equilibrium.

results from the capture protocol deviate from the crowded, compressed poly-

mer configurations of the standard protocol post-translocation.

Tuned Péclet

At tuned P there is an even greater difference in polymer conformations at

all stages of the capture process than was found with either Péclet value in

the standard protocol or under default P conditions in the capture protocol.

Fig. 5.2 clearly illustrates a bias towards an extended polymer conformation

regardless of the capture-process stage: elongated along Rg|| and compressed

along Rg⊥ . Here, all but the final translocated stage appear to exhibit both Rg||

and Rg⊥ greater than Rgeq . In contrast to default P , where the threading process

dominates the time scale, here, under tuned P conditions, the duration of the

translocation stage is most prominent.

Contact: At tuned P , when a polymer makes contact with the nanopore the
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elongation alongRg|| is substantially more pronounced for allN than it is under

default P conditions. By suppressing diffusion, the polymer’s ability to relax is

affected, and, as a result, the polymer is unable to counter the extension caused

by the field gradients driving each successive monomer towards the nanopore.

Furthermore, a significant difference between Péclet values is found in Rg⊥ .

For lower N at tuned P , Rg⊥ is well above Rgeq , but this extension decreases

for longer polymers, where, at N = 200, Rg⊥ drops just below Rgeq causing

instead a slight compression of the polymer orthogonal to the pore axis. As the

polymer is pulled in towards the nanopore it is uncoiled and elongated by an

end (or near-end) with shorter polymers becoming nearly completely uncoiled

by the time a monomer makes contact. Longer polymers, when extended by

an end, will most likely make contact while the majority of their monomers

remain coiled, not yet pulled by the external field. Additionally, as the polymer

can approach the nanopore from all angles of a cis side hemisphere, shorter

polymers that are approaching from directions where they are aligned more

parallel to the membrane will appear to have full extension in Rg⊥ and full

compression inRg|| , balancing the extension expected inRg|| from the field. This

effect lessens as polymer length increases as the extended portion contains less

monomers and the bulk of the polymer, regardless of approach angle, remains

coiled as it was before being pulled by the field. Thus, for longerN , the average

conformation in Rg⊥ remains similar to its shape prior to contact.

First Thread: Referring back to Fig. 5.4, contact events recorded at tuned P

identify that successful translocation events occur for nearly all polymers that

arrive at the nanopore by an end (or near-end) monomer. When compared to

default P , the effect of suppressing diffusion necessarily also suppresses the
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polymers ability to reorient or relax with time. Thus, the majority of contact

events where the polymer arrives by a more centrally located monomer are ter-

minated as stuck events. Table 5.1 confirms that for all N at tuned P , there are

at least half as many stuck events for the translocated events. Thus a condition

naturally emerges whereby successful polymer configurations at tuned P re-

quire that initial contact with the nanopore be on-end. When this pre-oriented

configuration crosses into the field gradients, an end (or near-end) monomer is

always captured first and, as it is driven towards the nanopore, pulls the rest of

the polymer along. Without sufficient diffusion the polymer cannot relax and

so is forcibly extended by the front end.

For allN , bothRg|| andRg⊥ are extended into configurations more elongated

than they were at contact. These extended conformations promote threading

by an end and therefore the first thread occurs very soon after contact, substan-

tially reducing the overall threading time. The significance of tuned P thread-

ing times is seen in Fig. 5.5 where, in stark contrast to default P , almost every

event is clustered at incredibly short thread times with only very few events at

longer times. Looking to Fig. 5.2 and Fig. 5.3 the effect the Péclet number has

on the capture process is quite clear. At default P and across N , the polymer

is typically compressed below Rgeq in both Rg|| and Rg⊥ directions. At tuned P

the opposite is true- across N , the polymer is typically elongated above Rgeq in

both Rg|| and Rg⊥ directions.

Last Thread: For the capture protocol at tuned P , the first thread event is quite

often also the last thread event. This is a direct result of both the polymer ini-

tially threading very fast and, with suppressed diffusion, the polymer is highly



Chapter 5. RESULTS 75

FIGURE 5.4: The first monomer to make contact with the nanopore
was recorded for each successful translocation. Here the index of
the monomer is shown in log-scale on the x-axis and the symmetry
of the polymer is used such that the index extends from 0 to N/2
where N is the polymer length. For both Péclet cases rapid decay
is observed as the monomer index moves away from either end.

unlikely to retract back to the cis side after threading. Thus the polymer re-

mains elongated and in Fig. 5.2, for allN , last thread is nearly indistinguishable

from first thread.

As mentioned, last thread of the capture protocol most resembles the initial

stage of the standard protocol. Recall that under both Péclet values the standard

protocol begins translocation in a nearly uniform, relaxed equilibrated confor-

mation. Referring to both Fig. 5.1 and Fig. 5.2, and the schematics in Fig. 5.3, it is

clear that the assumption of a polymer in a relaxed equilibrated state just prior

to translocation is qualitatively erroneous. In contrast to the standard protocol,
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results of the capture process at default P indicate a polymer would instead

be found in a compressed conformation prior to translocation. Likewise, for

tuned P , the polymer is very clearly elongated for most of the capture process,

including thread events prior to translocation.

Translocation: On the cis side of the nanopore, under tuned P conditions,

the polymer is typically elongated just prior to translocation. As the polymer

passes through the nanopore, it will slowly transition from an elongated con-

figuration to one that is more compressed. With lower diffusion the monomers

rely almost exclusively on the external field to propel them up and away from

the trans side exit. As each monomer exits the nanopore, it is caught by the

external field, and, similar to contact and first thread, is driven away from

the nanopore. This time however, the monomers travel fastest when they first

leave the pore and slow down as the field drops off. With lower diffusion the

monomers accumulate where the field drops off, pushed outward and upward

now only by the outgoing monomers still being driven by the field.

For all N , the translocation process compresses Rg⊥ far below Rgeq , but the

drift dynamics on the trans side assist in extending Rg|| (as compared to Rg⊥).

As N is increased however, the rate of extension slows on the trans side as

the more recent monomers being driven out of the nanopore are blocked from

moving upwards by previously translocated monomers and instead are pushed

into emptier regions off-axis. Thus, Rg|| at tuned P decreases as N increases

until it is below Rgeq for N = 200.

When shown side-by-side (compare Fig. 5.1-Fig. 5.3), the sharp contrast be-

tween results obtained through the standard protocol and those with the cap-

ture protocol are clear. By implementing the extended translocation process,



Chapter 5. RESULTS 77

the capture protocol recovers polymer behaviour that appears to more closely

match general experiment conditions. The standard protocol, on both Péclet

accounts, fails to replicate proper polymer conformations for both the pre- and

post-translocation stages.

5.3 Time Scales

Apart from illustrating qualitative differences in the polymer configurations

(ref. Sec. 5.2), the capture protocol also reveals interesting quantitative changes

in the translocation dynamics. Referring once again to Fig. 5.2, it is evident

that the time scales between phases of the protocol change, both as N is in-

creased, and between P values. Specifically, the highly visible differences in

threading time reveal fundamental changes in the system between P numbers.

Fig. 5.5 provides the thread times from successful translocation events for each

N . Here, the impact of changing the P number is magnified with the use of a

semi-log scale in y. As the standard protocol does not simulate any phase prior

to translocation, there are no dynamical changes over N or between P values;

the only time scale, the translocation time, is discussed in Sec. 5.4.

Recall that the thread time is defined as the total duration from when the

polymer first makes contact with the nanopore up until it begins translocation

(stages ’contact’ through to ’last thread’ of the capture protocol). Note that this

necessarily includes all additional thread attempts that may occur between first

and last thread.
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FIGURE 5.5: The distribution of threading times for both Péclet
values in the capture protocol. Here a logarithmic scale in y
(the number of events) illustrates the exponential decay in thread
times per event for default P . In stark contrast, at tuned P , the ma-
jority of all successful translocation events are preceded by very

short thread times.

5.3.1 Default Péclet

At default P the system is dominated by diffusion, which, as seen in Sec. 5.2,

permits continuous relaxation of the polymer. As a result, regardless of N , the

polymer is significantly more likely to be found in a more compressed confor-

mation along all phases of the capture-translocation process. During threading,

there is competition between the random thermal fluctuations and the external

force driving the polymer towards the nanopore and this prevents the polymer

from quickly moving from contact and threading to translocation. In Fig. 5.2
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it is clear that the overall thread time increases with increasing N . Lengthen-

ing the polymer increases this competition between the two forces as there are

more monomers available to get ’caught’ by the external field. The external

field is likened to the suppression of random movement whereas thermal fluc-

tuations define random movement. Thus, the bottle-neck to translocation at

default P is threading itself. The constant competition of being driven towards,

then stuck and compressed against the membrane while also being repulsed

by the membrane, creates a dynamic situation that prevents an end monomer

from quickly locating the mouth of the nanopore. As N increases, there are

even more monomers competing to thread and this is reflected in the longer

thread times.

Similarly, the balance of time duration between contact to first thread and

first thread to last thread is also affected. With only 2/N monomers available

to thread (leading to successful translocation), it is clear that as N increases, the

time it takes for an end to thread is the dominate contribution to the thread-

ing bottle-neck. In fact for all N , the duration between contact to first thread

remains about the same but the duration between first thread and last thread

increases by a factor of ∼4.

Fig. 5.5 shows the exponential decay (linear on the semi-log plot) of thread-

ing times for default P . Due to the inherent traits of randomness, here exhib-

ited by the thermal fluctuations, there is a large variance in the thread times

that have preceded a successful translocation. With no favoured configura-

tion or orientation of the polymer, it is possible for an end monomer to thread

once, twice, ten times or more. However, once full threading occurs the actual

translocation of the polymer through the nanopore happens relatively quickly.
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Fig. 5.7 and Fig. 5.8 are snapshots from simulations of polymers threading un-

der default P conditions. Similar to Fig. 5.4, Fig. 5.6 also illustrates the distribu-

tion of monomer indexes that first make contact with the nanopore. In addition,

the distribution in monomer index of the first monomer(s) to achieve first and

last thread is also presented. For both Péclet cases rapid decay is observed as

the monomer index moves away from either end for all stages. However, un-

der tuned P conditions, the more likely on-end contact of the polymer clearly

facilitates fast threading with first thread occurring by an end monomer which

almost always also becomes the last thread. Under default P , the progression

towards on-end translocation from the more likely central monomers making

contact is quite evident.

5.3.2 Tuned Péclet

In contrast, Fig. 5.5 emphasizes how the thread times for tuned P are clustered

at significantly much shorter durations. With diffusion suppressed, the poly-

mer is more likely to arrive at the nanopore in an elongated state (parallel to

the local external field). Thus the polymer is considerably more favourably

oriented for threading by an end. With no significant time spent threading, re-

tracting and rethreading while waiting for an end monomer to thread, those

events in which translocation is successful are preceded by very quick thread

times. Note that at tuned P there is an increase in the possibility of stuck events

arising from the diminished thermal fluctuations of the polymer which prevent

reorientation (relaxation). As such, the system effectively omits all events save

for those which are successful, and therefore thread relatively quickly. This is

also reflected in Fig. 5.2 where, at all N , the first thread is often the only thread,
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FIGURE 5.6: The first monomer to make contact, first thread and
last thread with the nanopore was recorded for each successful
translocation. Here the index of the monomer is shown in log-
scale on the x-axis and the symmetry of the polymer is used such
that the index extends from 0 to N/2 where N is the polymer

length.

and therefore also the last thread; the result of which cuts the duration of the

threading process down significantly.

Overall, the duration of the threading process at tuned P is∼30 times lower

than at default P . It is interesting to note that the same effects that permit

a faster thread time at tuned P are also responsible for significantly extending

the duration of the translocation phase. By arriving extended in a diffusion lim-

ited environment, the polymer exhibits tension along its length as it is driven

towards the nanopore. With no substantial thermal diffusion to help push the



Chapter 5. RESULTS 82

polymer together, each monomer is essentially ’caught’ by the field one-by-

one. Thus those monomers near the ’front’ of the polymer begin to move at a

different rate than those closer to the rear. As a result, tension is propagated

through the chain. With the force of the external field increasing closer to the

nanopore, the force felt by each monomer along the extended chain is consider-

ably different from one end to the other. Each monomer must effectively ’pull’

those directly behind it. It is not difficult to imagine how, in this situation, a

drag force emerges, slowing the movement of the polymer as a whole. As N in-

creases, this ’drag’ necessarily increases slowing the translocation portion of the

capture process down considerably, particularly when compared to transloca-

tion times at default P . Fig. 5.9 is a simulation snapshot of a polymer threading

under tuned P .

5.3.3 Escape Process

The linear relationship shown in Fig. 5.5 implies that the threading times obey

an exponential decay when in default P conditions. This is characteristic of a

Kramers escape process which describes how a polymer can escape from a po-

tential well due to a random walk from thermal fluctuations [50]. Here the poly-

mer is being compressed strongly and consistently against the membrane over

time due to the external forces pushing the polymer along the field lines and

into the pore. Thus, during the threading process an energy cost will emerge if

the polymer is unable to thread quickly. Eventually, as compression increases

over time, the energy cost to the polymer to thread by an end becomes quite sig-

nificant. This is because the polymer must overcome an effective energy barrier

(E >> kBT ) by diffusing backwards against the field gradient. The only way

the polymer can overcome this energy barrier is with a large enough thermal
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FIGURE 5.7: A typical conformation for polymers threading under
default P . Here N = 100. Compression along Rg|| is increased as

the polymer waits for an end to thread.

FIGURE 5.8: An atypical conformation for polymers threading un-
der default P . Here N = 100 and represents the same stage of the
capture-translocation process as in Fig. 5.7. Although elongated,
the on-end extension associated with tuned P results is absent (see

Fig. 5.9).

kick to disrupt the compression, creating the possibility for an end to come free

and find the pore entrance. If the polymer is unable to do this, it will tend to

remain trapped and trigger a stuck event.

Under tuned P conditions, due to the polymer almost always arriving on

end for contact, it is highly unlikely for the polymer to get stuck waiting to
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FIGURE 5.9: A typical conformation for polymers threading un-
der tuned P . Here N = 100. Notice the on-end elongation of the
polymer extending towards the nanopore. There is a clear tran-
sition along the chain where monomers in tension with adjacent
monomers emerge as the field pulls them towards the nanopore.

thread. However, although unlikely, even under these conditions the polymer

can occasionally approach the nanopore in a configuration unfavourable for

threading thus becoming trapped. Here, the suppression of diffusion results in

insufficient thermal energy available for the polymer to produce a large enough

kick to reorient itself for threading. These stuck events are therefore terminated,

unlike under default P conditions, where the likelihood of a large thermal kick

occurring is substantially increased, permitting successful threading.

5.4 Distribution of τ

Undoubtedly, one might expect the translocation time, τ , to feature promi-

nently in polymer translocation research. This core characteristic of the process

is used as the basis for polymer scaling laws and here, permits an enlighten-

ing revelation of the sensitivity of current computational models. In Fig. 5.10

the translocation times from all successful events are presented as distributions
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for each protocol and Péclet value. It is immediately clear that the inclusion of

the capture process in the simulation model has a dramatic effect on τ and this

divergence grows as N is increased.

The distributions of the standard protocol results are quite normally dis-

tributed; the Gaussian-like behaviour is preserved at both Péclet numbers with

longer mean translocation times reflecting an increase inN . By comparison, the

capture protocol exhibits a tendency towards positive skewness under default

Péclet conditions and negative skewness under tuned Péclet conditions with

both capture protocol distributions having mean τ values distinct from those

obtained via the standard protocol. Incidentally, these results suggest the pos-

sibility of engineering nano-devices that take advantage of this difference in τ

by controlling the specific drift-diffusion balance of a system.

In addition, Fig. 5.11-5.13 provide scatter plots of the translocation time of

all 2000 events successfully completed for all protocols. Each figure represents

data for each of the N = 50, 100, 200 polymers. Here τ is compared to Rg of the

polymer. AsN is increased, the most prominent feature is the clustering of data

in the standard protocol under default P . Here the long tail in the distribution

described in Fig. 5.10 is evident. At N = 200 the high concentration of small

Rg and fast τ directly illustrates how the compression of a polymer prior to

translocation reduces τ significantly.

Also visible is the substantial shift to longer τ for the capture process at

tuned P (bottom-right inset in Fig. 5.11-5.13). While the standard protocol at

both P and (to some extent) the capture protocol at default P produce translo-

cation events on similar time scales, the translocation times for the capture pro-

tocol at tuned P are ∼ 2 times longer. This once again reflects how a nonequi-

librium conformation- in this case elongation, has a substantial effect on the
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results obtained.

5.4.1 Standard Protocol

The similarities of the standard protocol distributions are predictable. With the

polymer reaching equilibration while an end is fixed inside the nanopore, both

Péclet values will see the polymer begin translocation with its monomers rel-

atively close to the mouth of the nanopore, limiting drag effects. Even with

diffusion suppressed, as in the tuned Péclet state, the remaining monomers are

able to reach the mouth of the nanopore relatively quickly due to their close

proximity. The top panel in Fig. 5.11-5.13 illustrates the symmetry between Rg

and τ . In both P cases, Fig. 5.10 shows how the mean increases with N and

this is attributed to the increase in the amount of monomers passing single-file

through the nanopore. However, as N increases, it is clear that the mean grows

(slightly) faster at tuned P . Here, as more monomers are added to the poly-

mer chain, the average distance to the nanopore for the monomers increases.

With diffusion suppressed and no external field, there is no additional assis-

tance to help move the monomers faster in towards the nanopore, and so τ is

increased. However, under default P there is the chance for a thermal kick to

help push the monomers in towards the nanopore and this assists in decreasing

the translocation time.

5.4.2 Capture Protocol

Default Péclet

By simulating the capture of the polymer prior to translocation a number of

features have emerged. At default P the polymer is able to relax and this is true
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FIGURE 5.10: The distribution of translocation times for both Pé-
clet values of the capture and standard protocols are overlaid for

polymer lengths of N = 50, 100, 200.

even in high-field regions close to the nanopore. However, although more likely

to be closely packed, a more elongated polymer conformation may occur (ref

Fig. 5.8). Thus, although there is an identifiable peak in τ at short times, a long

tail emerges reflecting those occasional events with longer translocation times.

Here, as described earlier, the more stretched a polymer is prior to translocation

the more drag there is to slow the process.

In Fig. 5.5 threading times for default P are widely dispersed from short

thread times to considerably longer thread times. When a polymer is unable to

thread by an end quickly, the external field will eventually push the polymer

in towards the membrane and into a compressed configuration. For successful
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translocation events preceded by a polymer in a compressed state, fast translo-

cation times are obtained. Thus the large number of events with long thread

times, as shown in Fig. 5.5, result in events with short translocation times found

in the main peak of the capture-default (CD) distribution in Fig. 5.10. Likewise,

the thread events in which an end monomer threads relatively quickly, as repre-

sented by the exponential decay in Fig. 5.5, are associated with more elongated

polymers and contribute to the translocation events with longer τ found in the

extended tail of the distribution. The bottom-left inset of Fig. 5.11-5.13 identi-

fies the emergence of a strong peak clustered around low Rg values as N is in-

creased. Here, the emphasis of fast translocation times is clear for compressed

polymers.

Since a direct result of the highly diffusive environment is an increase in

the random fluctuations of the polymer, it is less likely for a polymer to be

in a configuration in which an end monomer can thread quickly, in fact, it

is substantially more likely that there are many thread attempts before one is

favourable enough to permit translocation. Thus, a dominant peak in the dis-

tribution emerges, and, as N increases, this effect is heightened in two ways:

first, when compared to the standard protocol, compression of the polymer is

increased and more likely at higher N (the polymer must wait for an end to

thread) which results in a greater number of the short translocation times, and

second, as N is increased, there is more variability in the configurations from

the capture protocol that successfully thread from elongated states, effectively

lengthening the tail of the distribution.
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FIGURE 5.11: Scatter plot representing all 2000 successful translo-
cation events for all protocols under both Péclet conditions. Here
N = 50, Rg is along the x-axis and τ is along the y-axis. Default P
is left column, tuned P right column, standard protocol is the top

row and capture protocol the bottom row.

Tuned Péclet

Turning to the distribution of τ under tuned Péclet conditions, Fig. 5.10 illus-

trates the substantial shift in mean translocation time; for all N , τ is found to be

considerably longer than any of the other mean translocation times. In contrast

to default P conditions, the distribution at tuned P has a slight tail skewed to-

wards shorter τ , but as N is increased, the distribution becomes more symmet-

ric. Unable to fully relax at tuned P , the polymer is always forcibly extended
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FIGURE 5.12: Scatter plot representing all 2000 successful translo-
cation events for all protocols under both Péclet conditions. Here
N = 100, Rg is along the x-axis and τ is along the y-axis. Default
P is left column, tuned P right column, standard protocol is the

top row and capture protocol the bottom row.

and experiences the large drag previously discussed in Sec. 5.3.2. The bottom-

right inset of Fig. 5.11-5.13 illustrates how individual translocation events be-

come more evenly spread across Rg and τ values with increasing N .

As N is increased, the number of monomers that are pulled one-by-one into

the high-field regions increases the overall drag on the polymer, lengthening τ .

At smaller N , there are occasions where the polymer is not caught by an end.

If these events lead to successful translocations, they necessarily also lead to

longer threading times, compressing the polymer, and as before, result in rel-

atively faster translocation times. These events are those found in the tail to



Chapter 5. RESULTS 91

FIGURE 5.13: Scatter plot representing all 2000 successful translo-
cation events for all protocols under both Péclet conditions. Here
N = 200, Rg is along the x-axis and τ is along the y-axis. Default
P is left column, tuned P right column, standard protocol is the

top row and capture protocol the bottom row.

short τ of the tuned P distributions of the capture protocol in Fig. 5.10. Corre-

sponding thread times to these short τ are represented by the few thread events

occurring at times longer than the main spike in Fig. 5.5.

In contrast, most successful events at tuned P occur with very long translo-

cation times. Fig. 5.5 emphasizes this characteristic where, for all N , nearly all

thread times recorded were extremely fast, especially when compared side-by-

side to default P conditions. The direct result of arriving extended and on-end

to the nanopore is that threading is both quick and likely and there is little
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chance of the polymer being compressed against the membrane. In this situ-

ation, from contact through to translocation, each monomer must instead pull

the monomer directly behind it into the nanopore. As the polymer is increased

to even larger N , the translocation time similarly increases as there are more

monomers to drag in towards the nanopore. Interestingly, at long enough N , it

is possible for a polymer caught in the high field regions to uncurl by an end

in such a way that this end, pulling taught a chain of monomers behind it, can

reach the mouth of the nanopore while a large portion of the polymer remains

(somewhat) coiled still not yet affected by the propagating tension along the

chain (recall the tension-propagation front discussed in Ch. 2 and Ch. 3). There

is thus a considerable amount of consistent drag on the polymer’s movement

and this impacts the translocation time- elongated polymers translocate slowly.

5.5 Scaling Results

Fig. 5.14 provides the scaling relationship between translocation time, τ , and

polymer length, N , and is typically defined as τ ∼ Nα. At this time, most

Langevin dynamics simulations of polymer translocation find α ≈ 1.4 [72, 73].

Note that these simulations are those which employ the standard protocol at

Péclet values around default P .

5.5.1 Trends: Standard Protocol

Indeed, simulations performed here under similar conditions find α = 1.41

which is consistent with contemporary work in the field. After adjusting to bet-

ter represent experimental conditions, α increases slightly to 1.43. Although the

protocols are the same, Fig. 5.10 shows that at tuned P , mean τ grows slightly
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FIGURE 5.14: Scaling results for all conditions. Here, transloca-
tion time, τ , is plotted against the polymer length, N . As before,
error bars are on the order of the data point. Dashed lines cor-
respond to the standard protocol and are consistent with typical
results (scaling exponent α ' 1.4). By including the capture pro-
cess in the computational model deviations from typical scaling
results are obtained, further illustrating that standard approaches

do not necessarily reflect reality.

faster with increasing N . Thus, when diffusion is suppressed, the polymer ex-

periences more drag as N is increased, leading to longer translocation times,

and thus a (slightly) larger α.

5.5.2 Trends: Capture Protocol

Returning to Fig. 5.14 it is quite evident that the capture process has a consider-

able effect on scaling. Since the capture protocol was designed to resemble more
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realistic conditions, it appears that simulations run with previous methodolo-

gies may, in fact, generate results that are quantitatively incorrect. For the cap-

ture protocol with default P , α = 1.19 and is considerably lower than either

standard protocol result. This lower rate of change reflects the balance that

emerges between the time it takes for an end monomer to thread verses the

number of monomers total. Without starting prethreaded and able to translo-

cate immediately, as in the standard protocol, the addition of the external field

to the capture protocol works to compress the polymer against the membrane.

Naturally, the extent of compression will increase as time passes. Since only

2/N monomers may thread successfully, there is additional time spent at this

phase as N is increased, resulting in increasingly compressed conformations

found at default P . As described in Sec. 5.4, compressed states lead to fast

translocation times, and indeed, at default P the capture protocol produces

some of the fastest translocation times of all.

At the other end of the spectrum, tuned P results have α = 1.51. At the low

end where N = 50, the effect of suppressing diffusion in the capture protocol

is already responsible for a considerable increase in τ , as compared to the other

simulations, and this effect grows as N is increased. Fig. 5.14 identifies how,

for all N , the combination of the capture protocol and tuned P produces longer

translocation times. Under these conditions the polymer is unable to relax and

is instead forcibly elongated by an end through the effects of the external field.

Thus, the polymer (almost) always begins a successful translocation event in an

extended configuration (recall how polymers unable to thread quickly under

tuned P become stuck). The resulting drag on the polymer is additive for each

additional monomer that must be pulled in, thereby increasing the rate at which

τ changes with longer N .
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CONCLUSION

6.1 Summary

Polymer translocation is a relatively established (small) field, however, due

to the inherent complexity involved with biological and nanoscale dynamics,

there are plenty of questions still unanswered. The work done here assists in

bridging some of these open-ended research pursuits. Current literature is fo-

cused on scaling law theories which is often insufficient in describing clear and

reliable pictures that are useful to a wider audience. In this work, a simulation

methodology of the entire translocation process, including capture, is devel-

oped. By monitoring the conformational changes in a polymer as it diffuses

towards a nanopore, both the diffusive and drift dynamics of translocation ob-

served may offer some progress in identifying how an initial polymer confor-

mation may affect translocation.

Under standard simulation conditions, the results here are consistent with

current literature and produce a scaling exponent of α ∼ 1.4. When capture is

included in the translocation simulations however, a significant departure from

the standard α value is obtained. This is consistent with the assumption made

that the conformational changes a polymer undergoes prior to translocation

95
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would affect the translocation dynamics. In fact, it was shown that polymer

translocation is inherently sensitive to changes in a polymer’s configuration

prior to translocation and that these changes are linked to the drift-diffusion

balance of the system. When diffusion of a system is suppressed, the scaling

exponent for translocation was found to increase from the standard value for

α. In contrast, simulations of a polymer undergoing the capture process as well

as translocation under a drift-diffusion balance typical of standard simulations

indicate an α lower than typical values. Here α = 1.51 for tuned Péclet and

α = 1.19 for default Péclet. Although specific values for α are obtained, the

emphasis is instead on the relative change in scaling exponent -either increased

or decreased- from the accepted standard value for α.

In short, the capture process has a significant and measurable affect on the

conformation of a polymer. This in turn affects the nanopore threading dy-

namics that determine the polymer’s rate of translocation. Changes in the Pé-

clet number have a substantial effect on polymer motion and resulting con-

formations at various stages during the capture-translocation process. Thus,

this research emphasizes that the effective simulation of polymer translocation

appears to benefit from, and may require, modelling the capture process in ad-

dition to including polymer specific characteristics.
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6.1.1 Evaluation

TABLE 6.1: Average Durations of Capture Protocol Phases

P value Polymer Length Contact Thread Translocation

50 617 750 104
Default Péclet 100 710 1863 230

200 759 4352 545

50 12667 24 203
Tuned Péclet 100 16347 32 577

200 18006 48 1650

Table. 6.1 further emphasizes the differences in duration for the main stages

of the capture protocol. Here, the time to contact is included and highlights

the computational cost of this important step. Specifically, under tuned Péclet

conditions, a considerable amount of time is spent after equilibration waiting

for the polymer to diffuse close enough into high-field regions where it may be

caught and driven towards the nanopore, resulting in contact. As describe in

Sec. 5.3.1 and Sec. 5.3.2, threading (the time from contact through to last thread)

is considerably longer at default P , and, for both Péclet numbers, the translo-

cation time increases steadily with N . What is not shown however, is that there

are two other possible outcomes during the capture protocol: diffused away

and stuck events. Both incur additional computational costs but can be con-

trolled to some extent. After reviewing physical visualizations of the transloca-

tion simulations a decision was made to terminate runs under stuck conditions

that occurred for 3τRx (here τRx refers to the relaxation time of the polymer at

length, N ). The condition for a diffused away event is tied to Rport whereby

simulations with many diffused away events may benefit from either a) trans-

porting the equilibrated polymer closer to the nanopore at the start or possibly
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through b) increasing the cutoff distance for diffused away events. However,

if a polymer is released too close to the nanopore the natural conformational

changes in the polymer are suppressed as there is insufficient space and time

for the polymer to diffuse in towards the nanopore. Thus, the ratio of stuck

events to translocation events will likely shift to favour more stuck events, par-

ticularly if the time cutoff for a stuck event is a shorter duration (such as the 3τRx

condition presented here). In this way, it is possible to favour certain outcomes

over others as outliers are removed.

The capture protocol was tested under many different conditions; some of

which include simulations of additional polymer lengths of N = 25 and 300,

transporting the equilibrated polymer to various distances of Rport as well as

obtaining the shortest time to classify a polymer as ’stuck’ and increasing pore

sizes to the point of permitting occasional hernias. Additionally, simulations

of polymers with varying persistence lengths were initially performed but later

abandoned for future work as it soon became clear that a thorough develop-

ment, analysis and comparison of the capture protocol to standard methodolo-

gies was required for even the most general of simulation conditions; the freely-

jointed polymer chain and the drift-diffusion balance. The purpose of these

conditional tests served to probe the sensitivity of the simulation methodology

itself and whether the resulting translocation process results could be altered

with seemingly insignificant small changes to the environment. Overall, the

capture protocol remained consistent.

The significant deviations from typical scaling results obtained by this work

only serve to further illustrate how the capture process is an integral part of the
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entire translocation process and should be included in simulation methodolo-

gies. Computational cost is nevertheless a notable source of concern in simu-

lation work and the inclusion of the capture process certainly requires careful

consideration due to the hefty need for extended computation time. Perhaps, in

future work, there may be a way to pre-load specific environmental conditions

and polymer conformations that more accurately reflect the drift-diffusion bal-

ance and in so doing, bring simulation and experiment into greater agreement.

6.2 The Extended Model

As periodically discussed throughout this work, extensions to the current model

have, at present, been successfully adopted. In particular, the E-field used in

the model was further refined to incorporate the recent mathematical work by

Farahpour et al.[19] and also Kowalczyk et al.[49]. Using an alternative oblate

spheroidal coordinate system the changes in the E-field, as constrained by the

nanopore geometry, were more clearly defined. The result of including this

analysis was an even greater emphasis of the nonequilibrium state of polymer

configurations during the capture process- further supporting the work done

here. Following the suggestion of a referee, the data from the Rg configuration

stages were transformed such that instead of comparing elongation and con-

traction of the polymer perpendicular and parallel to the nanopore, these con-

formational changes were compared along an axis parallel to the local E-Field

lines. These adjustments were successful in highlighting the dramatic configu-

ration changes that occurr during translocation, and, as of Oct. 2016, the results

are now published in The Journal of Chemical Physics [92].
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6.2.1 Future adaptations

The capture protocol developed here is easily adapted to many other experi-

mental conditions and academic pursuits. The focus on the underlying quali-

tative picture permits a rich expansion into broad applications. Perhaps most

interesting is that a full adaptation of the entire capture process has not yet been

adopted into mainstream simulation methodologies. Therefore, there are many

possibilities for the future and current polymer translocation work can bene-

fit from the analysis used here. It would certainly be time well spent to take

the capture process methodologies employed here and approach several new

problems. There are some fascinating dynamics at play with polymers signif-

icantly longer than were studied. Similarly, the emergence of theoretical work

suggests there may be quantitative reasons for the apparent regime changes in

the dynamics experienced on the nanoscale. Thus, simulation methodologies,

such as the capture-translocation methodology developed here, provide useful

connections between experiment and theory.

Further capture-translocation studies that expand upon the methodology

proposed here are encouraged. In particular, analyzing the effect of polymer

persistence length on translocation is a natural extension of this work and can

be easily implemented. Additionally, this work can be expanded through the

inclusion of electrostatic screening and hydrodynamic effects and by modelling

the polymer to take on certain characteristics of specific polymers, e.g., the

charge effects of dsDNA. Of further interest is the analysis of different pore

shapes and sizes, as well as comparing alternative external field profiles.
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6.3 Final Remarks

The field of polymer science provides many opportunities for biophysical ap-

plications. Integral to many of these processes is the capture of a polymer by

a nanopore. Understanding the dynamics of this process can improve current

polymer-based technologies as well as provide insight for future applications,

and expand upon general biological understanding. The inclusion of the cap-

ture process into the simulation methodology used here provides a more realis-

tic interpretation of translocation and identifies the importance of the polymer’s

nonequilibrium configuration just prior to translocation. Thus, inclusion of the

capture process should be emphasized for research that seeks to obtain a more

accurate picture of this dynamic process.
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