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Abstract

Recently, increased demands for analytical capability in the field of biological sciences
have promoted the development of micro/nanofluidic platforms for biomolecular sensing.
One of the most highly debated topics concerning micro/nanofluidics is the nanopore
sequencing, which is an emerging nonoptical technology for high-throughput
single-molecule detection. At the same time, various issues remain to be resolved to make
nanopore sequencers practical, including control of DNA transport speed, manipulation of
DNA conformation, suppressing stochastic nucleobase motion and so on. The
understanding of DNA transport phenomena in nanofluidics is crucially important to
address these long-time-remaining challenges. However, the experimental observation and
measurement restrictions in the nanopores and nanochannels make the throughout
comprehension of DNA transport mechanism difficult. On the other hand, molecular
dynamics simulations that provide atomistic resolution analysis of polymer transport are
out of capability to reproduce the phenomena in practical temporal and spatial scales.
Therefore, this study aims to develop computational methods capable in the larger scale to
elucidate the DNA transport mechanism in micro/nanofluidic devices, which complement
the experimental studies for further advances in the emerging analytical platforms.

In this study, a Langevin dynamics (LD) simulation technique has been developed and
applied to the electrokinetic transport of double-stranded DNA (dsDNA) and
single-stranded DNA (ssDNA) in the micro/nanofluidic channels. First, the DNA fragment
is represented by a coarse-grained bead-spring model. The key parameters of the
coarse-grained model, such as friction coefficient and bead charge, are evaluated from the
experimental measurements of diffusion coefficient and electrophoretic mobility of DNA,
which are inevitable to quantitatively reproduce the physical properties of DNA. Second,
the complex electric field distribution inside the fluidic channels, which dominantly affects
the DNA transport process, is evaluated numerically solving the Poisson equation by using
the finite element methods. Third, the background electroosmotic flow (EOF) generated
due to the surface charges of channel walls is also theoretically considered by solving the
Navier-Stokes equations. Coupling these factors with the LD simulation, we carry out

simulations for the DNA transport phenomena in a cylindrical nanochannel and a nanopore
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in a millisecond and micrometer scales comparable to the real system and as a result, we
successfully depict essential points of DNA transport process and characterize the
fundamental physics in the coarse-grained molecular level.

Through the computational analysis, we have clarified the mechanism of dsDNA and
ssDNA translocation in the nanopores and nanochannels. It is found that the conformation
of DNA polymer chains in the nanochannels causes the translocation speed. Varying the
cross-sectional area of the nanopores is effective to optimize the translocation process. It is
also concluded that the combination of EOF velocity gradients and electric fields due to
electrically polarized channel surfaces characterizes the molecular conformations, where
the DNA is stretched (compressed) with negative (positive) wall surface potentials in
low-concentration solutions.

The simulation methods developed in this study can be further applied to optimize the
design of micro/nanofluidic systems concerning the biopolymer transport phenomena.
Furthermore, the results of this study have also proposed some subjects concerning the
multiscale physics, such as molecular transport phenomena influenced by hydrodynamic

effects, which have remained to be solved in the future works.
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Chapter 1

General Introduction

1.1 Background

The sequencing of the human genetic code is of significant importance and established a
notable milestone in human civilization. The genome has defined human species and supply
the path to the better understanding of physiology. However, up to now, only a generic
version of the code has been determined. The high-speed reading of deoxyribonucleic acid
(DNA) sequences is an important means of elucidating complete genetic sequences, and
may enable the development of new medical treatments'. The current mature DNA
sequencing technologies identify DNA sequence through light emission, which requires
polymerase chain reaction (PCR) amplification and fluorescent labeling for generating
detectable signals. These existing-generation DNA sequencing platforms take two months
and cost approximately 0.1 million dollars for completely determining human genome?’.
The excessive throughput, cost of DNA sequencing and its potential commercial values
promotes the development of next-generation DNA sequencing technologies.

Recently, the breakthrough in the nanotechnology, in particular, nanofluidics research
field brings about the evolution of emerging technologies in single molecule detection,
identification and analysis®'®. Nanofluidics is an emerging study and application of the
behavior, manipulation, and control of phenomena that involve fluid motions confined in
nanometer structures (typically ~100 nm). Fluid motions confined in such scale exhibits

physical behaviors not observed in macroscale due to the drastically enhanced



surface-to-volume ratio of the nanostructure. For example, the well-known phenomena,
electrical double layer (EDL) and electroosmotic flow (EOF) are unique properties of
nanofluidic systems and have a very important impact on the fluid dynamics and motion of

"2 In many researches, experiments have also shown that the polymer

charged polymer
dynamics exists marked difference in nanostructures from their behavior in macro- and
micro-systems as well. The studies of these unique transport phenomena at nanoscales,
which involve surface chemistry, quantum chemistry, electrostatics, electrokinetics,
electrochemistry, heat and mass transfer, molecular biology, and macroscale fluid
mechanics simultaneously, supply an opportunity of learning new science and wide ranged
advanced analytical platforms.

As an applications of the nanofluidics, nanopore sequencing devices, are the most
significant and represent an emerging non-optical process for high-throughput
single-molecule detection, in which individual nucleobases are identified based on size by

0,12 - 59,11 4 .
31012 o1 transverse tunneling current™”!" during

measuring transpore ionic current blockade
the transport of single-stranded DNA (ssDNA) through a nanometer-sized pore. The
nanopore devices require non-additional intervening amplification or chemical labeling for
the single-molecule identification and analysis, which conduces nanopore platforms to the
prospect of “next-generation sequencer” that will sequence a mammalian genome less than
1000 dollars in 24 hours. The schematic illustration of basic principle of the
nanopore-based sequencing is presented in Figure 1-1. The nanopore consists of a hole with
an internal diameter around several nanometers, separating the container into two chambers
which are filled with electrolyte solution. A steady-state ionic current could be introduced
by applying constant bias voltage on the two side of the membrane. When adding DNA
molecules to the solution, the negatively charged DNA will be driven to translocate through
the nanopore due to the electrophoresis force. The magnitude of ionic current is very
sensitive to the amount of ions insider a nanopore. Once DNA comes into the nanopore, the
volumes of nucleotides will exclude ions out of the nanopore, which creates a characteristic
change in the magnitude of the current. Different nucleotides (Adenine, Cytosine, Guanine,
and Thymine) theoretically cause nucleotide-specific ionic current blockade, providing the

information of DNA sequence.
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1.2 Challenges

Although these throughput and cost of nanopore-based sequencing are exceptionally
inspiring, several major technological bottlenecks have to be addressed to implement the
nanopore sequencing. A key challenge to nanopore-based sequencing technology is to
address the retarding of DNA translocation from microseconds per nucleotide to
milliseconds, and reduce the fluctuations during translocation'. While the high translocation
speed of DNA through a nanopore holds the promise of ultra-fast sequencing®™'®, the rapid
transport velocity of DNA makes recording difficult and prone to background noise,
resulting in low temporal resolution of single-base sequencing. Various strategies have been
proposed to control the translocation speed of DNA, such as tuning of wall surface

226 temperature gradients®’, solution viscosity®®, and pore

charges®, ion concentrations
dimensions®. However, these efforts have not yet been shown to improve the
controllability issue of nanopore sequencing. Nonetheless, the stochastic motion of DNA
caused by thermal fluctuation, which is reflected in the broad distribution of translocation
times, generates uncertainty in the nucleotide number passing through a nanopore. The
stochastic motion also produces considerable noise for the current signal and prevents the
precise manipulation of the DNA during translocation process. Furthermore, the effects of
EOF and EDL to the DNA transport in nanofluidics are incomprehension. Moreover,
optimization of nanopore structures is an important project as well, but it has rarely been
conducted from the theoretical point of view.

The full comprehension of DNA transport phenomena is of crucial importance and
absolute indispensable to address these long-time-remaining challenges in nanofluidics as
well as in numerous polymer physics®>*~’. In order to actively utilize the technological
potentials of nanopore devices, polymer translocation through a nanopore has become a
main subject in a lot of research topics from theoretical’™’, experimental’®**' and

42-50
|

computationa aspects. These studies concentrated on the translocation dynamics

34,36,42,42,44

h31’32’34’36’4H4, pore dimensions44, driving force ,

associated with the chain lengt

36,37,45,46 36-38,47

sequences and secondary structures , polymer—pore interactions , and polymer
configurations*>*. In fact, the experimental observation and measurement restrictions at

nanoscale in the experiment make the throughout understanding of DNA translocation



mechanism difficult. Direct fluorescent observation of DNA translocation supplies limited
information about the whole translocation process and conformation change of DNA in the
nanopore. On the other hand, molecular dynamics simulations that provide atomistic
resolution analysis are out of range to reproduce the polymer transport phenomena in
practical temporal and spatial scales. Even with the most modern computational resource, it
is far impossible to calculate the complete translocation process of the whole
macromolecular assemblies of hundreds of nanometers in size. The limitation of
experimental observation and simulation scale greatly impede the development and

advance in nanopore technologies.

1.3 Purpose of this thesis

This study aims to develop the computational method that is capable in the larger scale to
elucidate the DNA transport mechanism in macro/nanofluidic devices, which complement
the experimental studies for the further advances in the emerging analytical platforms. The
complete transport phenomena of DNA through nanopore geometry and nanochannel
geometry at experimental spatial and temporal scales are reproduced by the developed
computational approach to access to the detailed DNA transport mechanism. The objective
is to identify the various significant contribution factors and to assess their relative
contributions to DNA transport under nanometer environment.

In this study, coarse-grained bead-spring models for both dsSDNA and ssDNA have been
developed in this study. Through employing the suitable force field and physical properties
measured from experiments, our model is capable to quantitatively reproduce the realistic
behavior of polymeric properties such as the radius of gyration, diffusion coefficient, and
electrophoretic mobility. The coarse-grained model sacrifices atomistic resolution analysis
of the DNA behavior in nanofluidics; on the contrary, it allows probing larger systems on
longer time scales.

In Chapter 2 we report the dsSDNA transport mechanism in terms of the translocation
time for passing through the nanogap, the waiting time of a molecule staying in the
nanochannels, and the configuration change associated with the channel dimensions. The

simulation confirms the ionic current changes induced by the translocation of dsDNA
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through the nanogap. Corresponding to the ionic current response, detailed behavior in the
translocation time is visualized and asymmetry in the responses is also clarified with
respect to the nanogap. It is concluded that the computational results are crucial to express
the essential dynamical perspectives of such bionanofluidic phenomena.

In Chapter 3 we study the ssDNA translocation mechanism through nanopore with
various cross-sections, ranging from 20 x 20 to 50 x 50 nm®”. The results allow a visual
analysis of the electrokinetic transport dynamics of ssDNA and allow us to determine the
most suitable morphology for nanofluidic flow channels for single molecule detection.
Consequently, a relationship among the electrokinetic transport of ssDNA, pore dimensions,
and multiply-connected structures of the nanofluidic channel are clarified and a desirable
design to control the translocation velocity is concluded.

In Chapter 4, we investigated the relationships between the polymer length, salt
concentration, and deformation process in EOF fields. As a result of the present LD
simulations, detailed characteristics of ssDNA, such as off-centered alignment in the
nanochannel stretching or compressing the polymer chain, were elucidated on a realistic
spatiotemporal scale. These results are expected to be applicable to the development of

techniques for the manipulation and velocity control of ssDNA during transport.
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Chapter 2

Analysis of dsDNA Translocation through

Nanopore

2.1 Introduction

In recent decades, single-molecule sensing technologies using nanofluidic devices have
attracted much attention associated with the fusion of physics, electrochemistry, biology,
and nanotechnology' 2. Kasianowicz et al." firstly reported that single-stranded ribonucleic
acid (RNA) and deoxyribonucleic acid (DNA) could be sensed by using a lipid bilayer
membrane. Some review articles are also available to understand the historical background
of electrokinetic transport phenomena of polymer chains®'%. A large number of researchers
engage in such challenging topics by developing their own novel techniques. Biological
nanopores' ™ and solid-state nanopores® are known to have an important role to detect

9-21

ionic current signals by the principle of Coulter-counter 110712

. Meller et a , in their
pioneering works, clearly distinguished differences between DNA oligomers resulting from
the ionic current blockade. Dekker® and his coworkers'*'®'® have published some important
results associated with the identification of DNA and RNA molecules by using solid-state
nanopores. Furthermore, tunneling current through single molecules was successfully
measured by using nano-gapped electrodes™ 2. Di Ventra and his coworkers®?
theoretically supposed an idea of tunneling current measurement of DNA sequencing, and

Tsutsui et al.>> and Ohshiro et al.** experimentally observed it. Theoretical approaches and



Chapter 2 Analysis of dSDNA Translocation through Nanopore 13

simulations were also carried out and provided variable insight into the transport

25-33 1 28,29 1 31,32

phenomena in confined nanofluidic systems™ °°. Huopaniemi et a and Luo et a
have theoretically investigated the translocation properties of polymer chains which pass
through nanopores by using molecular dynamics approaches. Some important review
papers were published with respect to the theories and experiments of polymer
translocation though nanopores®**>. On the other hand, a lot of barriers have remained for
the practical use. For example, electrical signals from a single molecule are so weak that the
target has to be captured in a molecular-sized confined space; in order to detect such a weak
signal, the signal-to-noise ratio has to be improved; the electrophoresis and electroosmosis
of electrolytes are required to be properly controlled®' *. Some of us also have addressed
single-base detection of a long-chained DNA from both experimental’’* and theoretical

39-46
aspects

. Particularly, using nanochannels and nanopores, responses of ionic current can
be measured when DNA molecules translocate such confined spaces. In a previous study™,
we experimentally investigated electrokinetic transport of A-DNA, which consists of 48,502
base pairs (48.5 kbp), in one-dimensionally confined slits. It was found that the
electrophoretic mobility decreased with increasing the confinement. Furthermore, we
developed a theoretical model to predict the duration time of A-DNA passing through a

- 21,5846
nanogap mounted in a nanochannel” "

and could got a reasonable agreement with the
experimental result’’. We are especially interested in detailed dynamical behavior of DNA
in nano-sized channels, which is required for efficient sensing of DNA with single molecule

40,4345

resolution . Herein, we have applied a coarse-grained model**~> of A-DNA to perform

. S . 39,40
Langevin dynamics simulations™

in a nanofluidic system with nonuniform electric fields
which are computed by using the finite element method (FEM). There may be a difficulty
to develop a model of double-stranded DNA (dsDNA), since the characteristic size of
nanochannel is equivalent to the persistence length of dsSDNA, which is a characteristic

length associated with the bending stiffness® '

. This is a challenging topic to elucidate the
molecular transport mechanism in terms of the translocation time for passing through the
nanogap, the waiting time of a molecule staying in the nanochannels, and the configuration
change associated with the channel dimensions. Verifying the validity of diffusion
coefficient and electrophoretic mobility of A-DNA, the simulation can reproduce ionic

current changes induced by the translocation of DNA through the nanogap. Corresponding
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to the ionic current response, detailed behavior in the translocation time can be visualized

and asymmetry in the responses is also clarified with respect to the nanogap. It is concluded

that the computational results are crucial to express the essential dynamical perspectives of

such bionanofluidic phenomena.

Nomenclature
D = diffusion coefficient of dsDNA in free solution (m?*/s)
F = interactions due to the gradient of potentials (N)
kg = Boltzmann constant (J/k)
k = spring constant (N/m)
N = number of beads
Nip = number of base pairs
0 = bead charges (C)
Tbp = distance between a couple of base pairs (m)
Teq = equilibrium length between the connected beads (m)
rij = distance between the ith and jth beads (m)
R, = radius of gyration of dSDNA (m)
R; = random force (N)
T = temperature (K)
At = time step (s)
tq = translocation time (s)
Vo = bond potential (V)
Vi = Lennard-Jones potential (V)
Greek Symbols
Oup = Kronecker’s delta
oit—r) = Dirac’s delta function
= characteristic length considering thermal fluctuations (m)
€ = well-depth of Lennard-Jones potential (kJ/mol)
¢ = frictions coefficient of bead (kg/s)
o = effective radius of bead (m)
¢ = electrostatic potential (V)
QisdDNA = volume of dsDNA (m3)

Qnanogap =

volume of nanogap (m°)
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2.2 Computational methods

2.2.1 Coarse-grained model of A-DNA

In order to evaluate the quantities mentioned above from a molecular point of view,
coarse-graining is required to express the dynamics of A-DNA. Herein, we focus on
electrokinetic transport phenomena of a long-chained molecule, which are dominated by
the electrophoretic mobility and diffusion coefficient. As shown in Figure 2-1, a nanofluidic
channel employed in a previous experiment’' is modeled in the same scale, where a
nanogap, 200 nm x 50 nm x 60 nm (length x width % height), is embedded in both cis and
trans nanochannels, 1000 nm x 500 nm x 60 nm. There are microchannels, 2.5 pm x 4.0
um % 0.5 um, in both ends outside the nanochannels.

In our bead-spring model, each neighboring bead is connected with a linear spring. The

bond potential V4, is as follows™

)= k() (2-1)

J#i
where r¢q 1s the equilibrium length between the connected beads, r; is the distance between

the ith and jth beads, and £ is the spring constant. Here, the 7 1s given as

t,=0.850 % N, /N =347 nm, (2-2)

where we set the distance between a couple of base pairs: rp, = 0.34 nm, the number of base
pairs: Ny, = 48,000, and the number of beads: N = 400. N is fixed to simulate a long period
phenomenon with sufficient sampling. Therefore, a single bead corresponds to 120 bp. The
factor of 0.850 is selected as a parameter to replicate the experimental value of diffusion
coefficient as described later, which was already introduced in some papers to maintain an
equilibrium condition of DNA*. Although this assumption causes to underestimate the
persistence length 50 nm of dsDNA, the estimated value of near 20 nm resulting from
simulations in equilibrium conditions is on the same order of the experimental data®'?.
There has left room for discussion about trade-offs to replicate various properties with

bead-spring models®**>. As a first step, this moderately flexible model is applied to express

the deformation and translocation of dsDNA in the confined narrow space. The spring
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constant is set to k= kg7 / 52, where kg is the Boltzmann constant, 7= 300 K is temperature
associated with an ambient condition, and ¢ is a characteristic length considering thermal
fluctuations such that § = 0.1, where ¢ is a parameter for dsDNA described as below***"*.
Taking into account the volume exclusion effect, another potential ¥y for the repulsive

interaction is defined as follows:*°

12 6
245 g 1< +e, r<2%o
VLJ (l'l) = J#i rl'/ r. (2'3)

0, r>2"c

where ¢ and ¢ denote the effective radius of bead and the well-depth, respectively. Here, we
empirically apply ¢ = 5 nm on the assumption that an unfolded form of dsDNA can be

- - 21,16,19,28
detected using a 10 nm-radius pore” ™~

, € = kgT for the repulsion between the beads. We
assume the elastic surface of the bead, although the detailed function for a coarse-grained
model has not yet been accomplished. Using this model, the validity is verified by
analyzing the diffusion coefficient and electrophoretic mobility as described later. In
addition to the bead—bead interaction, Equation 2-3 is also applied to the wall surface of
nanochannel. When the bead approaches the wall, only the normal component to the
surface is reflected. Here, the radius of gyration R, of A-DNA is larger than the
cross-sectional dimensions of nanochannel and nanogap’'. It is suspected that A-DNA runs
through such narrow spaces, frequently colliding with the channel walls and changing its
configurations. Coupling with a strong electric field in a nanopore, a long chained DNA
molecule, which is weakly aggregated in bulk solution, is expected to be uncoiled and
elongated when interacting with a stepwise shaped nanochannel. Such a mechanism can be
observed in gel electrophoresis and has recently been examined by using artificially

. . g . 6-12
fabricated nanofluidic devices

. In case of solid-state channels, the wall surface is usually
negatively charged and screened by positive ions in the electrolyte solution, being referred
to as electric double layer. Particular electroosmotic flows may be generated due to high
concentrations of electrolyte ions near the surface™>’. Although those effects are implied
by some reports mentioned above, details have remained to be elucidated and therefore,

. . . 34
such ongoing issues beyond our focus here are not involved™.
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2.2.2 Electric fields in nanochannel and nanogap

In the Langevin dynamics simulation, electrostatic fields due to externally applied
potentials are taken into account. The nonuniform electric field is analyzed by solving a
three-dimensional Laplace equation A@(r) = 0 with a boundary condition of V@(r) = 0 at the
side walls and with constant voltages at the end of channels. In this study, we assume some
conditions as follows: the electrolyte solution maintains the electroneutrality everywhere;
the surface charges are sufficiently screened and the potential gradient perpendicular to the
wall surface is negligible; the solution is exposed to the strong electric field along the z-axis.
According to the Debye screening length of 0.1 M KCI solution, the surface charges are
usually screened within 1 nm which is quite smaller than the dimension of nanogap™. We
use an FEM computational code™ to numerically solve the Laplace equation. Referring to
the experimental setup®', applied voltages are fixed at the end of microchannel: ¢ = —0.400
V at the cis channel end and ¢ = 0.400 V at the trans end. Outside the nanochannels, the
dimensions of microchannel, 2.5 um x 4.0 um X% 0.5 pum, are taken into account in the FEM
analysis. Furthermore, for the potential values at the inlet and outlet of the nanochannel
resulting from the computation of overall system, we carry out an additional computation
with higher accuracy focusing on the nanogap embedded in the nanochannel and obtain
more precise data available in the Langevin dynamics simulations, as shown in Figure
2-1(d). The electric potentials are —0.384 V and 0.384 V at the cis and trans ends of the
nanochannel, respectively. As a result, the electric field strength in the nanogap reaches
~10° V/m. This order of magnitude is known to be reasonable and required to pull A-DNA
into nanopores ®™’. Effects of charge distributions, ionic current density, and screening of
electrode surfaces, which are hot topics but under discussion, have not been taken into
account to avoid causing the complexity. This is a first step to address the molecular
simulation replicating A-DNA, with nonuniform electric fields in a nanofluidic system. In
the present system, the cross-section area of nanogap is 150 times smaller than that of
microchannel. This is a main reason that the drastic drop of electric voltage can be induced
at the nanogap, due to the continuity of electric flux. Thus, the electric field strength of 10°
V/m in the nanogap is reasonably obtained. We focus on the fields of the nanochannel and

nanogap properly modeled according to the previous works mentioned above.
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2.2.3 Langevin dynamics simulation

Using these potentials, the Langevin dynamics simulation is carried out, according to the

equation of motion for a coarse-grained bead™ :
dr,
6~ OVem)+E+R,, (2-4)

where ( is the coefficient of frictions, —OV r;) is the electrostatic force on the ith bead
which has a charge O, F; is the interactions due to the gradient of potentials resulting from
Equations 2-1 and 2-2, and R; is the random force from the solvent molecules. Based on the
fluctuation and dissipation theorem, R; satisfies the relation:

{(R,Z) =0

2-5
(Ru(OR5(t) =28k T8,55(t 1), e, Y=, 3.2) -

where 045 and o(t — ¢*) are Kronecker’s delta and Dirac’s delta function, respectively.

In order to calculate the electrostatic force on a bead, using the result from FEM analysis,
the nearest nodes within a 9 nm radius from the center are included to average the electric
field. At least two nodes are usually averaged. Although involving four points may be
preferable to average the physical property in the three-dimensional space, the electrostatic
force due to the strong electric field is dominant on the two-dimensional surface (xz-plane).
According to this procedure, the electrostatic force can be computed. Equation 2-4 is
integrated by the Euler method and the time step is suitably set to Az = 10 ps, with which
computational results are recognized to be reliable. The center of mass of the DNA chain is
initially located at 300 nm apart from the entrance of the nanochannel, where the x- and
y-coordinates of the mass center are in coincidence with the center of nanochannel.
Molecular configurations at the initial conditions are randomly provided, which are

confirmed to be stable structures.

2.3 Results and discussion

2.3.1 Validation of the model

In this study, the friction coefficient { is determined from the Einstein relation such that

(D = kgT, where D is the diffusion coefficient of the DNA. Referring to a previous result60,
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we obtain ¢ = 1.87 x 10" kg/s when D = 5.53 x 10" m?%/s. In order to verify the present
model and to confirm the value of O, we performed the simulation in free solution. The
average of 30 samples resulting from 10 ps simulations showed clear linearity of the mean
square displacement. According to the Einstein relation, the diffusion coefficient was
evaluated as D = 5.07 x 10 "* m%/s. Furthermore, in order to determine 0, the simulation
was performed in the same manner, applying a uniform electric field of 1 x 10° V/m. The
displacement of the mass center was plotted as a function of time, resulting from 90
sampling. Referring to a previous study of mobility®, such that = 3.11 x 10™® m*/Vs, the
charge results in Q = {u= 3.64e, where { = kg7 / D. Using this value, we could obtain the
terminal velocity and the electrophoretic mobility resulted in x = 3.11 x 10~* m*/Vs. Thus,
our model is confirmed to be available to replicate the electrokinetic transport of A-DNA in
aqueous solutions in external electric fields. On the other hand, the persistence length tends
to be underestimated, since the parameters have not been optimized to express the stiffness
of dsDNA. As mentioned in previous studies®’ *, bond-angle potentials and dihedral angle
potentials are known to be effective for the double helix of DNA as well as the bond
potentials. In this study, focusing on the electrokinetic transport dynamics in the
micro/nano-fluidic channel, which occurs in submilliseconds of duration, we have no

choice but to overlook the accuracy of stiffness of dsSDNA.

2.3.2 Translocation of DNA in nanochannel and nanogap

Figure 2-2 shows one of typical time-series data resulting from the simulations for
translocation of A-DNA in the nanochannel. Figure 2-2(a) shows a simulation result and
Figure 2-2(b) schematically explains the process of Figure 2-2(a) focusing on near the
nanogap. At ¢ = 0.25 ms, the leading head weakly aggregated comes into the nanochannel
and moves ahead. The interface of quite different-sized channels causes to stick the DNA
and on the other hand, a strong electric field in the narrower channel pulls the charged
molecule into it. Successively, the following portion goes through the nanogap with an
unfolded form as shown at # = 0.30 ms. At # = 0.45 ms, being one end strongly captured at
the cis channel, the subchain passes through the nanogap with a multiple folded form. As a

consequence, at = 0.80 ms, some beads captured at the cis end has been released and the
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chain swiftly shrinks, where the following remains run though the nanogap as an unfolded
form. For instance, as a typical case, this simulation results in the long translocation time to
penetrate the nanogap due to some periods in which the DNA is unfolded. As observed at ¢
= 0.30 ms, unfolded configurations may be desirable from a viewpoint of single molecule
detection techniques, since a long-chained molecule should be uncoiled in a channel before
approaching sensing probes at a nanogap. Therefore, this kind of nanofluidic channel has a
possibility for such applications.

Figure 2-3 shows the force on the mass center of DNA in the nanochannel and nanogap
is plotted as a function of position along the z-axis. The origin of the horizontal axis is at
the nanochannel entrance. For the reference, the electrostatic field strength along a field line
through the center of each channel cross-section is also presented. As shown in this figure,

the force on the DNA increases as the mass center moves ahead and reaches the maximum

x10712 x10°
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Figure 2-3. Profile of net force on the mass center of DNA chain (open circle) and
electric field strength (solid line). 50 samples are averaged at each point. The origin of the

z-axis is the entrance of nanochannel; the nanogap is placed between z = 1.0 and 1.2 pm.
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value in the nanogap which is placed between z = 1.0 and 1.2 um. After passing through the
nanogap, the force decreases moderately compared with the profile in the cis side. An
interesting point is that there is asymmetry in the force profile between the cis and trans
channels. Such a characteristic is particularly caused by a polymer chain not an ideal single
particle. In case of overdamped simulations, the force profile of a “mass point” should be
symmetric in both sides of the nanogap, according to the symmetric electric field. On the
other hand, the long-chained DNA deforms during translocation through the nanochannel
and the degree of deformation seems to be different depending on both the position of the
mass center and fields surrounding it.

Figure 2-4 shows the position of the mass center along the z-axis as a function of time.
The translocation velocity is also analyzed by numerical derivative of the position data.

Here, we mainly feature two processes, the fastest and slowest translocation processes

22 T T T T T 10
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Figure 2-4. Position and velocity of the mass center of DNA during passing through the
nanochannel and naogap. Computational results are shown by dashed lines and the
velocity is resulted from numerical derivative of position data. The fastest and slowest

translocation processes through the nanogap are presented.
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during the DNA passing through the 200 nm nanogap. Resulting from 50 times simulations,
the translocation time ¢4 is evaluated as 0.21 ms for the fastest process and 0.55 ms for the
slowest one. Slopes of the curves at the cis and trans ends and at the nanogap are also
shown in addition to the position data. In both cases, it is found that the mass center of
DNA chain is clearly affected by the strong field in the nanogap via the elongated subchain,
even when it is outside the nanogap. Particularly, in the fastest process, the velocity rapidly
increases near the nanogap, since the DNA tends to be folded and is strongly attracted to the
nanogap due to the concentration of charges near the mass center. On the other hand, in the
slowest process, the DNA is frequently unfolded and therefore, increase in the velocity near
the nanogap becomes moderate.

Figure 2-5 shows the histogram of #g, in which the experimental result’’ and the

theoretical evaluation® are also presented for comparison. The 74 is defined as a period

/ Simulation

>

2

o Theoretical4®

(on /

o
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/ Experimental?®’
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Figure 2-5. Histogram of translocation time of A-DNA for passing through the nanogap.
Bright (blue) bars are resulted from 50 sampling of the present simulations; dark (gray)
bars are from experimental data®', solid line indicates the theoretical estimation by using a

- 46
previous model ™.
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from the leading head entering the nanogap to the end leaving it. The simulation results are
distributed between 73 = 0.2 ms and 0.6 ms. There is a clear peak at near 73 = 0.3 ms. The
distribution of #4 is mainly caused by differences in the folded structures of DNA in the
nanogap, as shown in Figure 2-2. In the experiment®', 74 was measured by electrical signals
and resulted in 0.5 ms, corresponding to the translocation velocity of 97 bp/us (33 mm/s).
This coarse-grained model validated in comparison with physical properties in equilibrated
bulk solution replicates #4 in the peculiar shape of nanochannel. It is confirmed that the
concept of the model is valid. Furthermore, our simulation result is also in close agreement
with the experimental data by the other research group'®.

In a previous study’®, we also developed a theoretical model to explain 7y of A-DNA
through the nanogap. Assuming that the whole channel is filled with 0.1 M KCI aqueous
solution and then an equivalent circuit is effectively formed, the electric field strength is
evaluated as on the order of 10° V/m and 10° V/m in the nanochannel and nanogap,
respectively. A A-DNA molecule is assumed to be sufficiently stretched, which has a 20 nm
x 20 nm cross-section and length of 16.5 pum (0.34 nm x 48.5 kbp). According to the
theoretical model, the translocation velocity is estimated as 107 bp/us (37 mm/s) *’. That is,
it takes #4 = 0.46 ms to pass through the 200 nm length nanogap (shown by solid line in
Figure 2-5. This evaluation also agrees with the experimental result*’. On the other hand,
there were some assumptions due to the ambiguity of molecular configurations in the
narrow channels. The Langevin dynamics simulation clarifies that a subchain, which passes
the entrance of nanochannel, tends to diffuse in the channel and form some folded
structures as shown in Figure 2-2. This result may support the limitation of the theoretical
picture.

In a previous experimental study’’, the electrophoretic mobility of A-DNA passing
through a slit of submicron height was measured. The height was varied, such as 330 nm,
430 nm, and 650 nm, and the electrophoretic mobility resulted in 3.25 x 10® Vs/mz, 428 x
10® Vs/m?, and 8.87 x 10 Vs/m?, respectively. The other dimensions in the device were
much larger than the radius of gyration of A-DNA. That is, the mobility of DNA is clearly
modulated by the one-dimensional confinement. We can roughly estimate the velocity in
the electric field of 1 x 10° (1 x 10°) V/m and then, the translocation velocity is concluded

as 33 (3.3) mm/s, 43 (4.3) mm/s, and 89 (8.9) mm/s for the channel height of 330 nm, 430
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nm, and 650 mm, respectively. Although the degree of the confinement may be different from the
present system, it is implied that the magnitude of electric field strength reaches 10° V/m in
the nanochannel and 10° V/m in the nanogap.

Figure 2-6 shows the histogram of waiting time which is measured in both cis and trans
channels. In the cis side, the waiting time is defined as a duration in which the mass center
of DNA chain moves from the entrance of nanochannel to that of nanogap in the cis side
and from the exit of nanogap to that of nanochannel in the trans side. It is found that it
takes longer period in the cis channel than that in the trans. In the cis channel, the molecule
is forced to deform in order to enter the narrow channel at the microchannel/nanochannel
and nanochannel/nanogap interfaces. In addition, the preceding beads tend to be jammed in
the nanogap as the following beads successively come into. On the other hand, in the trans

channel, the beads leave the nanogap and can form another stable structure in the open
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Figure 2-6. Histogram of waiting time on the cis and #rans sides of nanochannel: duration
time of the mass center of A-DNA model moving from the nanochannel entrance to the
nanogap entrance in the cis or from the nanogap exit to the nanochannel exit in the trans.

Total amount of counts is 50 for each.
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space of nanochannel. The beads are enhanced to move forward, being pushed by the
following beads. Asymmetry between the cis and trans channels is indicated with respect to
the electrokinetic transport of long-chained molecules.

Figure 2-7 presents the volume exclusion ratio in the nanogap, where the number of
beads in the nanogap region is counted and the corresponding volume Qgspna 0f the DNA is
excluded from the volume Quanogap 0Of the nanogap. Here, the single bead is empirically set
to a 5 nm radius sphere according to ¢ which is determined from an assumption that the
DNA can translocate a 10 nm diameter nanopore by an unfold form. Cases of “Fast”,
“Intermediate”, and “Slow” in Figure 2-7 indicate the simulation results from #; = 0.21,
0.32, and 0.55 ms, respectively. The volume exclusion seems to be apparent as the
translocation time becomes shorter. Drastic decreases and some peaks can be recognized

especially in the cases of “Fast” and “Intermediate”. This is due to folded configurations or
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Figure 2-7. Transition of residual volume ratio in nanogap: (Qnanogap — dsdDNA) / Qnanogaps
where Quanogap and Qqspna are the volume of nanogap and DNA beads in the nanogap,
respectively. Three cases, “Fast”, “Intermediate”, and “Slow”, correspond to #3 = 0.21,
0.32, and 0.55 ms, respectively and typical ionic current decrease due to the translocation

of A-DNA through the nanogap is presented as experimental*.
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aggregation of DNA in the nanogap. From the result of case “Slow”, the broad distribution
is relevant to the moderate volume exclusion due to unfolding of the entanglement. These
phenomena correspond to the ionic current decrease in the experimental measurement as
shown in Figure 2-7, in which DNA in the nanogap suppresses the background ionic
current. The time scale of the electrical signal can be replicated by the simulations, even
though the absolute value of the current decrease may not be compared directly due to the
limitation of coarse-grained models. As mentioned above, the computational result can
feature the experimental observation and it is concluded that the ionic current response is
actually affected by the DNA translocation through the nanogap.

In this study, electrokinetic transport of DNA was discussed focusing on strong electric
fields in a nanopore and a stepwise structure of micro/nano-fluidic channels. These two
factors are essentially important to control the translocation properties of DNA. Although
some effects, such as charge distributions of electrolytes, ionic current density, screening of
surfaces, and electroosmosis, are neglected here, we are also recognizing that the behavior
of electrolyte ions should be explicitly expressed in the model to clarify the phenomenon in
more detail. Our challenging work will be continued to achieve a deeper understanding of

electrokinetic transport of DNA in confined nanospaces.

2.4 Conclusion

We performed the Langevin dynamics simulation for electrokinetic transport of A-DNA
through a nanogap mounted in a nanochannel by the application of coarse-grained
bead-spring model, which required a time scale of one millisecond. It was verified that our
model correctly replicated the transport properties of DNA in terms of the diffusion
coefficient and electrophoretic mobility. The translocation time through the nanogap was in
close agreement with previous experimental21 and theoretical*® results. Furthermore, it was
indicated that A-DNA could penetrate the nanochannel and nanogap changing its
configurations due to the drastic change of electric fields in the stepwise channel
connections. Asymmetry in the transport dynamics between the cis and frans channels was
discussed by means of the force profile and waiting time. The ionic current response in the

translocation time was also clarified by our dynamical simulations. Fundamentals of
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electrokinetic transport of DNA in excessively confined spaces were concretely understood
in comparison with previous studies. We could found that the long-chained molecule was
uncoiled and unfolded during the translocation process passing through the narrow gap.
That is, applications of the present nanofluidic structure are expected for single base
sequencing of DNA, although fine tuning may be required to achieve further high

precision.
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Chapter 3

Analysis of ssDNA Translocation through

Nanopore

3.1 Introduction

The high-speed reading of deoxyribonucleic acid (DNA) sequences is an important
means of elucidating complete genetic sequences, and may enable the development of new
medical treatments'”. Recently, novel DNA and ribonucleic acid (RNA) sequencing
technologies have been developed. Among these, nanopore sequencing devices are one of
the most significant and represent an emerging non-optical process for high-throughput
single-molecule detection' ™, in which individual nucleobases are identified based on size
by measuring transpore ionic current blockade®’ or transverse tunneling current® ' during
the transport of single-stranded DNA (ssDNA) through a nanometer-sized gap.
Understanding biological polymer transport phenomena is a crucial issue in the

development of DNA sequencing techniques, as well as in the study of many of the

13-17 18-28
1 1

physical properties of polymers'?, and both the theoretica and experimenta

aspects of polymer translocation through nanopores have been widely studied.
Computational studies have provided particularly valuable insights into the physics of

transport within confined micro/nanochannels and previous works have examined the

13-15,19,21,29-31
th 517,41,

variation of translocation time with polymer chain leng , pore dimensions”,

driving  force'”">?'?! sequences and secondary structures’***2, polymer—pore



36

21-23,33 15,34

interactions , and polymer configurations ™". Table 3-1 lists the various nanopore
devices and polymers used in the pioneering research studies investigating these subjects
with the aim of achieving an advanced DNA sequencer.

Sung and Park"® and Muthukumar'

studied the passage of single polymer molecules
through the pores of a membrane during diffusion across a free energy barrier due to
chemical potential differences. Both groups modeled the stochastic processes associated
with the transport of long polymers based on the Fokker—Planck equation and were able to
predict a scaling law describing translocation time, 7, as a function of polymer length, N.
Storm et al.”* and Skinner et al.** investigated the translocation of double-stranded DNA
(dsDNA) through silicon nitride (SiN) nanopores that were 10 nm in diameter and 30 nm
thick. They also identified that a power law best described the relationship between 7 and
the polymer length, such that 7 ~ N'*". The use of ultrathin nanopores (0.3 nm thick)
fabricated within a graphene monolayer is known to result in a slightly larger 7 value than
that obtained using SiN nanopores” and it has been suggested that these small pores as well
as interactions with the graphene result in the slower translocation”. This phenomenon has

31,34

also been investigated on the basis of Langevin dynamics simulations’ >”". In other works,

Meller et al."” studied the translocation of ssDNA through a biological a-hemolysin (a-HL)

Table 3-1. Nanopore devices and DNA/RNA used in published experimental studies

Group Poretype  Diameter  Length Voltage Voltage/Length Polymer length Polymer type
(nm) (nm) (mV) (x10° V/m) (bp or nt)
Kasianowicz et al. [5] a-HL 1.3 52 120 23 150 ssDNA, ssRNA”
Meller et al. [18-20] a-HL 1.3 52 50-300 9.6-58 5-100 ssDNA
Butler et al. [35] MspA 1 10 140, 180 14, 18 50 ssDNA
Wendell et al. [36] Phi29 33 7.5 40,75 5.3,10 5.5k dsDNA
Franceschini et al. [37] ClyA 7.8 13 100 7.7 290bp, 51nt dsDNA, ssDNA
Lietal. [21] SiN 3,10 5-10 60, 120 624 3k-10k dsDNA
Storm et al. [22] SiN 10 20 100-600 5-30 10k—97k dsDNA
Skinner et al. [24] SiN 10 20 100-600 5-30 10k—30k dsDNA, dSITNA’
ssRNA
Tsutsui et al. [26] SiN 50 200 1000 5 48.5k dsDNA
Fologea et al. [27,28] SiN 10 10, 280 120 0.43,12 3k dsDNA, ssDNA
Schneider et al. [25] Graphene 22 0.3 200 670 48.5k dsDNA

"ssRNA denotes poly(A), poly(C), and poly(U).
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nanopore and determined that the translocation velocity of short polymers exhibited a
significant dependence on the length of the polymer, whereas there was no dependence in
the case of long polymers. The engineered Mycrobacterium smegmatis porin A (MSpA) *°
and phi29 36 protein nanopores were found to allow the translocation of ssDNA and dsDNA
with remarkable stability against environmental stresses. It is indicated that an engineered
DNA transporter is able to recognize and chaperone the specific DNA molecule across a
biological membrane, making a further step for the application of nanofluidic platform®’. It
was also found that, during forced translocation in narrow pores, the scaling exponents
depended on the driving force, F, based on the relationship 7 ~ F~' °*%*! Although the
hydrodynamic effects on polymer chains appear to account for part of the force

13,29

counteracting external forces ™, these effects seem to make only a minor contribution to

the transport of DNA, since it has a large number of charges and small surface areas in

comparison to other polymer particles®™*

, In particular, the electrokinetic transport of
DNA passing through very narrow spaces is predominantly affected by collisions with
channel walls*'.

We are interested in a long polymer translocation mechanism in micro/nanochannels and
nanopores*>** under the effects of nonuniform electric fields, since such mechanisms have
not yet been sufficiently elucidated. In the present study, we attempt to gain a better
understanding of the translocation mechanism of a DNA-like polymer chain, equivalent to
48 x 10° nucleotides (48 kat), penetrating a solid-sate nanopore in the presence of
nonuniform electric fields, as illustrated in Figure 3-1. The cross-section of the nanopore is
expected to play an important role in terms of controlling the translocation process. While
nanopores embedded in nanochannels were supposed to be effective to slow down the
transpore velocity of ssDNA*** the mechanism has remained to be clarified. Herein,
focusing on the multiply-connected nanofluidic channel, the retardation process and its
advantage are discussed from a theoretical point of view. As part of this work, we develop a

coarse-grained ssDNA model'**>*® and perform Langevin dynamics simulations of ssDNA

transport under nonuniform electric fields in a rectangular nanochannel containing a



38

"3uISuds J[nod[ow J[3UIS J0J [QUULRYD
J1pInjouru Y} Jo 2rmons oy} ozrundo 03 pue sorweukp 1odsuen) dOUIOIIA[D AY) SSAsse 0) suonenwis ayy uumnp pardde yNJSS JO
[opowr unids-peaq paurer3-as1eod Ay} SUIMOYS Uonensn[[I uy (q) [OUURYIOURU JO AU AU} UM JOUIPIOUIOD UI B IAJUID SSeW J) JO
9)JeUIPIO0d-A PUE -X A} 9IOYM 9JURIUD [QUUBYOOURU JY) WOl Aeme (WU ()¢ = 5y) UONLIAS JO snIpel Ay} JO dOUBISIP € Je P)ed0] A[[enIul
SI YN(SS JO SSewl JO I9udd Y[, YSY Ul i pue ‘gipim Ul wu ()¢ YPSUd Ul WU ()(gg JO [ouUuBydOOoURU B Ul s1djowered uonenuis
se paureA are a1odoueu Suol wiu ()7 © JO () WSIOY pue (M) YIpIm U} ‘[OPOW [BUOISUIWIP-IAIY) Y} U] [OUUBYIOURU Y} UI PIPPIqUID

s1 o1odoueu B UyOIYM UI ‘SUOHB[NWIS SOIWERUAP UIAQSUERT UI pasn [dUuB(OOUERU Je[n3ue)dal & Jo uonensn[[l onewayds (&) *[-¢ dInsig

wu 000k

VNass .. - <—sisajoydosposg

wu 000l

2, Y -Ml

alodoueN [auueyoouepy

(a)




Chapter 3 Analysis of ssDNA Translocation through Nanopore 39

47_51, where the electric fields are calculated for the

nanopore with various cross-sections
cross-sections, ranging from 20 x 20 to 50 x 50 nm®. The results allow a visual analysis of
the electrokinetic transport dynamics of ssDNA chains and allow us to determine the most
suitable morphology for nanofluidic flow channels for single molecule detection.
Furthermore, the simulation results are clearly understood by a theoretical model in the
framework of the Langevin equation. Consequently, a relationship among the electrokinetic

transport of ssDNA, pore dimensions, and multiply-connected structures of the nanofluidic

channel are clarified and a desirable design to control the translocation velocity is

concluded.

Nomenclature

dpore = diameter of the pore (m)

dotr = effective diameter outside the pore (m)

D = diffusion coefficient of ssDNA in free solution (m?*/s)
e = elementary charge (C)

Echannel = electric field at the center of the nanochannel (V/m)
Epore = electric field at the center of the nanopore (V/m)
AF = external force on the mass center (N)

F; = external electrostatic force (N)

h = channel hight (m)

k = spring constant (N/m)

kg = Boltzmann constant (J/K)

N = number of beads

Npt = number of nucleotides

Npore = number of beads in the nanopore

Nechannel = number of beads in the nanochannel

n = surface normal vector

O; = bead charges (C)

rij = distance between the ith and jth particles (m)

Teq = equilibrium distance between each connected pair of bead (m)
Fnt = equilibrium distance between the nucleotides (m)
R, = radius of gyration of ssDNA (m)

R; = random force (N)

T = temperature (K)
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Greek Symbols

i
5t 1)
:

@ S 9 =

time step (s)

conservative force (N)
Lennard—Jones potential (V)

bond potential (V)

initial velocity at the entrance (m/s)
mass center velocity (m/s)

channel width (m)

position of mass center along the x-axis (m)

Kronecker’s delta

Dirac delta function

friction coefficient of bead (kg/s)
electrophoretic mobility of ssDNA (m?*/Vs)
persistence length of ssDNA (m)

electrostatic potential (V)

well-depth of Lennard-Jones potential (kJ/mol)
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3.2 Computational methods

A Langevin dynamics simulation was applied to investigate the behavior of a polymer
chain passing through a three-dimensional nanopore embedded in a nanochannel, where the
presence of solvent molecules could effectively be treated as a random force acting on the

coarse-grained polymer molecule'®*.

In the present model, strong effects of
intramolecular interactions on the inertial force were coarse-grained and the kinetics of
ssDNA was mainly affected by external electric fields. In such a case, the behavior of a

particle can be expressed by an over-damped Langevin equation:'®*

¢v; ==VU, +F, +R, (3-1)

where (; is the friction coefficient of the ith particle, —VU; is the conservative force,
including interactions between particles, and F; denotes the external electrostatic force,
such that F; = —Q;V ¢, where Q; is the electric charge on the polymer molecule. For the
purposes of a three-dimensional simulation, the electric potential ¢, in a rectangular
nanofluidic channel was analyzed by solving for the Laplace equation V¢ = 0 with
Neumann boundary conditions n-V¢ = 0 at the sidewall surfaces, where n was the surface
normal vector, and with constant electric potentials at both ends of the channel. The FEM™
was employed to solve for the electric potential. F; was calculated by averaging the gradient
of ¢ around each position®. In Equation 3-1, the random force R; satisfies the
fluctuation-dissipation theorem, such that
(R,(1)) =0,

(R,(0)-R (1) = 6kgT¢;5,5(t ~ 1),

i

(3-2)

where kg is the Boltzmann constant, 7T is temperature, d; is Kronecker’s delta and o(¢ — t') 1s
the Dirac delta function where ¢ and ¢’ are time. In this study, we focused on ssDNA and
developed a bead-spring model for use in the Langevin dynamics simulations. Details of
our coarse-grained model are also described in previous studies'®***°. In order to model a
ssDNA consisting of 48,000 nucleotides (48 knt), neighboring beads were connected with a

harmonic spring®® :

1
- k(ri' -7, )2 for neighbors,
Ubond(ri): 2 ; ! (3_3)

0 otherwise,
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where k was the spring constant and r; was the distance between the ith and jth particles.
The equilibrium distance, 74, between each connected pair of beads was defined as r.q =
arneVne / N, where a was a variable parameter, NV, was the number of nucleotides, and N was
the number of beads. The equilibrium distance between the nucleotides in ssDNA is known
to be 7y = 0.43 nm *° and s0, applying an o value of 0.847 16, Nu = 48,000, and N = 400, we
obtained 7.q = 43.7 nm. The above value for the parameter a was selected so as to properly
replicate the radius of gyration (R,) of ssDNA %0 as well as the diffusion coefficient and
electrophoretic mobility. The harmonic spring constant was calculated as k= kgT'/ y*, where
T was set to 300 K and a y value of 0.1¢ was applied for thermal fluctuations based on
previous studies®, where ¢ was a Lennard—Jones parameter described below. Interactions
between two beads or between a bead and a channel wall were represented by the Lennard—

Jones potential, Uy, taking into account the volume exclusion effect:*®

v 12 6 1
246(,{[2} _[EJ ]-i—a) for r; < 260,
U ()=4 72 i K (3-4)

J#i
1
0 forr; >2%0,
where ¢ was the characteristic length of ssDNA, and @ was the energy well-depth. A mirror
reflection was assumed, meaning that the repulsive force from the wall effectively worked
only along the direction perpendicular to the surface. The length parameter, o, was
determined from the persistence length of ssDNA necessary to reproduce the volume effect,

16,46
. F

such that ¢ = 5 nm *°. Up; was applied to non-adjacent beads and o was set to kgT or

the purposes of volume exclusion, the potential was truncated at r=%20 to allow for
purely repulsive interactions between the beads. The term {; in Equations 3-1 and 3-2 was
evaluated based on experimental measurements of the ssDNA diffusion coefficient, D;,
according to N(;D; = kgT 32 Applying N =400, D; =2.21x% 10"? m%s, and 7= 300 K, {; was
determined to be 4.68x10 % kg/s for each bead. Considering the existence of counterions
around the ssDNA, the effective charge of an individual bead could be calculated according
to Q; = Gty = wksT / ND; >*. Thus, based on the experimental value of i = 2.84 x 10™® m*/Vs
52 a O value resulted in —0.83¢ per bead (consisting 120 nt), where e is the elementary

charge. This value was determined in terms of electrophoretic mobility of the
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coarse-grained ssDNA including counterions and thus, it might underestimate the monomer

charge previously known’*®!

. In order to verify this quantity, we performed Langevin
dynamics simulations for the ssDNA model in free solution.

As a result of the Langevin dynamics simulation, Figure 3-2(a) shows the mean square
displacement of the center of mass of the ssDNA model as a function of time. This plot
represents the average of results from 90 simulations at each data point and is clearly linear.
The associated diffusion coefficient, D, can be obtained according to the Einstein relation
and is calculated to be 2.25 x 102 m?/s. Figure 3-2(b) presents a plot of the distance from
the origin to the center of mass under an external electric field of 1 x 10° V/m, in which
each data point is the average of 270 simulations. The electrophoretic mobility calculated
from the ratio of the velocity values to the applied electric field strengths is = 2.87 x 10~
m?/Vs. From the viewpoint of diffusivity and electrophoretic mobility, the present
parameter set is therefore acceptable when assessing the electrokinetic transport of sSDNA.

x107®
12 . . .

(b)

Z

Mean square displacement (m”)
Displacement from original point (m)

Time (us)

Figure 3-2. (a) Mean square displacement of the bead-spring model resulting from 90
simulation runs and (b) displacement of the mass center of the bead-spring chain under
an electric field of 1 x 10° V/m obtained from 270 simulation runs. Each result is well
fitted with straight lines by the least-squares method. The slope of plot (a) corresponds
to the diffusion coefficient while that of (b) is the velocity that translates to the
electrophoretic mobility.
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The overall structure of the fluidic channel, including the reservoirs outside the
nanochannel, was taken into account in the preliminary analysis, as shown in Figure 3-3(a).
There was a reservoir of 2.5 pm % 4.0 pm % 0.5 pm (length x width x height) on either side
of the nanochannel and the electrodes were 2.5 um from the nanochannel entrance. The
electric potentials at the electrodes were set to —0.400 and 0.400 V at the cis and frans sides,
respectively, based on the experimental conditions summarized in Table 3-1. Additionally,
the Laplace equation was solved in the nanochannel and nanopore with a fine resolution of
10 nm.

At equilibrium, R, was maintained in the vicinity of 300 nm, such that Rg2 was
approximately equal to the product of the persistence length and the contour length®*®*
Stable configurations such as this were employed as initial conditions for the simulations.
The center of mass of the ssDNA was initially placed at a distance equivalent to R, from the
entrance of the nanochannel, as presented schematically in Figure 3-1(a). In the next stage,
the nonuniform electric field resulting from the FEM analysis was applied and the
trajectories of the ssDNA were tracked. Equation 3-1 was integrated using the Euler

algorithm with time steps of Az = 10 ps *.

3.3 Results and discussion

3.3.1 Non-uniform electric field inside nanopore

As shown in Figure 3-3, electrostatic potentials across the microchannel, nanochannel,
and nanopore are determined from the finite element method (FEM) analysis53, in which
the potential curves extracted along the central axis are presented for several nanopore
cross-sections. It is found that the slope of the electrostatic potential becomes steeper in the
narrower channels, as shown in Figures 3-3(a) and 3-3(b). A large drop in the potential at
the nanopore suppresses the potential difference outside the nanopore. As can be seen from
Figur 3-3(c), the electric field strength increases as the cross-sectional area of the nanopore
is reduced. The electric field strengths calculated along the central axis of the nanochannel
and nanopore with various cross-sections are also summarized in Table 3-2. In the previous

experimental studies summarized in Table 3-1, as well as in numerical analyses, other
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researchers have also found that strong electric fields are associated with nanopores™*.
Some publications note that this strong electric field tends to be proportional to the value of
(dpore / deff)z, where dpor 1s the diameter of the pore and d.f is the effective diameter outside
the pore’*. Our computational results also agree with the potential drop resulting from

variations in the nanopore cross-section.

3.3.2 ssDNA translocation conformation

As shown in Figure 3-4(a), we also ascertained the number of beads along a 200 nm long
nanopore during the simulations. In this figure, the entire data set resulting from 20
simulation runs for a 30 x 30 nm? cross-section nanopore is presented. At =0 s, a leading
bead entered the pore, at which point the elapsed time was tracked until the end of the chain
left the pore. The distribution of bead numbers seems to be discretized at several specific
numerical values. As can be seen in the insets to this figure, which show illustrations of the
nanopore, the discretized numbers correspond to specific folded structures of the polymer
chain. Sufficiently uncoiled ssDNA chains tend to pass through the nanopore in an unfolded
form and therefore, the translocation time is relatively long. In contrast, coiled chains adopt
folded forms in the pore, resulting in shorter translocation periods. Figure 3-4(b) presents a
summary of the data in Figure 3-4(a) in the form of a histogram. The highest peak in this
plot corresponds to an unfolded structure, while the second and third highest peaks equate
to 1- and 2-fold forms, respectively. More detailed illustrations of the unfolded, 1-fold, and
2-fold forms at the nanopore are also presented in Figures 3-4(c) to 3-4(e), respectively.
Figures 3-5(a) and 3-5(b) show the results for 40 x 40 and 50 x 50 nm’ cross-section
nanopores, respectively, where four typical samples are presented by color variations. The
time series data in the plots apparently fluctuate with increasing cross-sectional areas. The
larger the cross-sections become, the more frequently the ssDNA will change its
configuration, thus producing multifold forms in the pore. As a result, the distribution of
multifold-structures increases as the cross-sectional area increases. The fitted distributions
obtained from 20 simulation runs for each condition are summarized in Figure 3-5(c). The
concentrations of electric charges resulting from the folded structures increase the

translocation speed due to the associated strong electric force. Although we also performed
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simulations for a 20 x 20 nm? cross-section nanopore, the electric field outside a nanopore
of this size was evidently too weak to introduce the ssDNA into the pore. This result
implies that an excessively small pore will require a long period of time to attract charged
molecules to it. A weak electric field outside the pore, as is produced in the case of an
overly small pore, is therefore disadvantageous for the polymer chain to overcome the
entropic barriers at interconnections in the channel, because the large difference of
cross-sections requires strong force to uncoil a coiled structure to introduce it into the
nanopor656’57. Figure 3-5(d) presents a normalized version of the distribution data in Figure
3-5(c). Comparing the three cross-sections, it is evident that multifold-structures become
prominent as the cross-sectional area increases. With respect to single-molecule detection, it
is desirable to maintain unfolded configurations for as long as possible to slow down the
translocation speed. Thus, the 30 x 30 nm’ cross-section pore is suggested to be the most

suited to the sequential transport of ssDNA molecules.

3.3.3 Translocation speed

For deep understanding of the electrokinetic transport phenomena in the nanofluidic
device, the simulation results are analyzed by the theoretical model based on the Langevin
equation as also described in detail in the methodology section. Particularly, a relationship
between the translocation velocity and the pore size attracts most of our interests. Figure
3-6 shows velocity profiles of the mass centers of the ssSDNA for the three cases presented
in Figure 3-5, in which xg denotes the position of mass center along the x-axis measured
from the nanochannel entrance (2200 nm in total), and the nanopore is located from xg =
1000 to 1200 nm. In overdamped Langevin dynamics simulations, the velocity of a particle
is directly proportional to the force on it, as theoretically described in the next section. For
each cross-section, the velocity linearly increased until the mass center reached an xg value
of approximately 500 nm, at which point the leading bead moved into the stronger field
while the remainder of the chain was still in front of the nanochannel entrance. Therefore,
the number of beads in the nanochannel increased in a stepwise fashion over time.
According to the Langevin equation, the equation of motion of the mass center along the

pore axis may be roughly expressed by
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1 X 1 AF
V6 = F,;= Xg + Vo (3-3)
NG5 NG Ax

where, assuming conservative force and thermal fluctuations, we can apply

—g%zo and ngizo. (3-6)

The term AF/(NAx) represents the ratio of the external force on the mass center to the
displacement and vy is the initial velocity at the entrance. {'is the friction coefficient fitted
to represent the property of ssDNA and results in 4.68x10"'* kg/s. In Figure 3-6, the slopes
of the plotted data in the initial portion of each graph are respectively 9.09 x 10°, 9.10 x
10°, and 9.80 x 10° s for the 30 x 30, 40 x 40, and 50 x 50 nm” nanopores, giving an
average value of 9.33 x 10 s™. In this region, the increment in which beads enter the
nanochannel is almost constant despite the different channel cross-sections. In addition,
when AF/Ax is primarily due to the electric force in the nanochannel, we can write AF =
OFE hamelAN, meaning that the change in the force is governed by the increase in the
number of beads entering the channel under the almost uniform electric field. Equation 3-5

can then be replaced by

E AN
— Q channel =" Xg + vy (3-7)

CETNE A

using Echannel approximated by the electric field at the centre of the nanochannel as listed in
Table 3-2. For the three cases, the values of AN/Ax are 1.30 x 109, 9.64 x 108, and 7.45 x
10° m™ for the 30 x 30, 40 x 40, and 50 x 50 nm” nanopores, respectively (Table 3-2). A
charged bead in an Egpanne field generates QFchannel such that the displacement, Ax, of the
mass center related to each bead increment is proportional to Echannel and this explains why
dvg/dxg is almost constant for all three cross-sections. In the following region, when the
mass center approaches xg = 500 nm, there are obvious differences in velocity between the
three cases. At this point, some beads are already in the nanopore. Subsequently, the
velocity shows a moderate increase and appears to reach a terminal velocity when the
center of mass passes through the nanopore. At this stage, the beads in the nanopore are

driven forward due to the strong electric field and simultaneously experience counteracting
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Table 3-2. Electric field and ssDNA transpore properties in nanochannel and nanopore

Pore size Echannel Epore N, pore AN/Ax Vchannel Vpore
(nm?) (V/m) (V/m) (m™) (mm/s)  (mm/s)
30 x 30 82x10*  2.7x10° 6.48 1.30 x 10° 2.3 1.3
40 x 40 12x10° 22x10° 6.81 9.64 x 108 3.3 1.1
50 x 50 1.5 % 10° 1.9 x 10° 9.29 7.45 x 10° 43 1.2

force, being pushed back by the leading portion of the chain and pulled by the following
portion. Since small nanopore cross-sections produce a strong driving force, the
confinement in this region also gives rise to the counteraction including the entropic force

and polymer—wall interactions. In this region, vg can be represented as

vg = QN poreEpore + QN channel Echannel
¢N ¢N

(3-8)

where Nyore and Nechamnel are the number of beads in the nanopore and nanochannel,
respectively, and Epqr is the electric field strength in the pore. Here, the ssDNA chain is
usually stretched and rarely collides with the wall as it passes through the interface between
the nanochannel and the nanopore, and so the counteracting force is negligibly small
compared to the other terms. As shown in Figure 3-5(d) and Table 3-2, the average number
Npore 0of beads in the nanopores is determined from the distributions. The remaining beads
are in the nanochannel, such that Nepannet = N — Npore. Using the electric field Epor at the
center of the nanopore and E¢pannel, Vo in Equation 3-8 results in 3.54, 4.41, and 5.49 mm/s
for the 30 x 30, 40 x 40, and 50 x 50 nm?’ cross-section nanopores, respectively. These
theoretically derived values are in good agreement with the simulations shown in Figure
3-6. Particularly, in the 30 x 30 nm” pore, the rapid change in curvature of the plot occurs at
an xg value of approximately 500 nm, indicating that the translocation process immediately
reaches a steady state condition as the nanopore works to pump beads into the trans
channel. In contrast, in the other pores, more moderate transitions of the velocity are
observed and apparent transition points cannot be determined. As a result, the terminal
velocities approach the theoretical values. Our data indicate that folded configurations of
ssDNA chains in large cross-section pores cause moderate increases in the velocity of the

mass center, and this results in high terminal velocities. In other words, our results explain



52

why electrophoretic mobility decreases during transport through a confined space

embedded in the fluidic channel'”**®

. From the viewpoint of molecular sequencing,
increased knowledge of changes in the velocity and suppression of excessive increases in
this velocity are desirable when attempting to ascertain details concerning the configuration

changes of polymer molecules.

8 | | I |

m 30x30nm?
® 40x40nm?
A 50x50nm?

0 1 1 | 1
0.0 0.5 1.0 1.5 2.0 2.5

Xg (1m)

Figure 3-6. Velocity profile of the centers of mass of ssDNA chains passing through
nanopores of cross-section 30 x 30, 40 x 40, and 50 x 50 nmz, in which xg is the
position of mass center measured from the nanochannel entrance along the x-axis. The
results of theoretical calculations using Equations 3-7 and 3-8 are also shown as solid
lines. The start and end of the nanopore are situated at xg = 1.0 and 1.2 um and the end

of the nanochannel is at xg = 2.2 um, all of which are indicated by dashed lines
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3.4 Conclusion

In this study, we investigated the electrostatic potentials in nanopores embedded in a
rectangular nanochannel. We obtained considerable agreement in the electric field strengths
on the order of 10° V/m compared with previously published data>. Induction of strong
electric fields in the narrowest space due to the connections of different-sized channels was
confirmed™. Using such electric fields, we performed Langevin dynamics simulations by
applying a coarse-grained model of ssDNA. The present model replicated the diffusion
coefficient and electrophoretic mobility of long ssDNA, which allowed us to treat
electrokinetic transport phenomena in the actual time and spatial scales. It was found that a
nanoscale cross-sectional area was important with respect to uncoiling long-chained ssDNA
molecules in a strong electric field and, as a result, reducing the translocation speed of the
molecules. By adjusting the nanopore size, the quantity of ssDNA chains in the pore region
can be constrained at a constant number, effectively producing a terminal velocity. With
regard to the aim of obtaining single-molecule detection, this study suggests a preferred

structure for nanofluidic channels.
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Chapter 4

Analysis of ssDNA Translocation through

Nanochannel

4.1 Introduction

An increased demand for analytical capability in the biological sciences has prompted
the development of micro/nanofluidic devices that enable the manipulation and analysis of
biological molecules with higher speed and accuracy than conventional technologies. These
new devices have significant potential in the fields of molecular biology and biophysics.
Among the various technologies being researched, the stability and size-controllability of
solid-state nanochannels show promise with regard to the fabrication of ideal, robust
platforms for biomolecular separation, detection, and analysis' ™.

One of the most well studied topics concerning nanofluidic devices is the controllability
of transport velocity and conformational change of biopolymers. Various strategies have
been proposed to control the translocation velocity of electrically charged polymers, such as
tuning of wall surface charges’, ion concentrations”'', temperature gradients'?, solution
viscosity'”, and pore dimensions'*. However, these efforts have not yet been shown to
improve the controllability. Thus the development of biopolymer analysis platforms will
require a detailed understanding of biopolymer transport dynamics on the nanoscale so as
to overcome these remaining challenges.

Recent experimental works have partially addressed the polymer-length dependent
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mobility that is evident in nanochannels, as a means of allowing the velocity control of

biopolymers. Although a constant mobility independent of polymer length was

4,15-17

demonstrated in a capillary with a 60 nm diameter , this control was lost when

employing nanoslits with a height of 20 nm *'®. Cross et al.* reported that the effect of
polymer length, N, on the mobility of DNA can be described by a scaling law as N’ " ina
19 nm deep nanoslit. Cao et al.'” found a significant length dependence of the
electrophoretic mobility of DNA in a nanocapillary and nanowire array. Rahong et al.®
proposed two different separation mechanisms associated with the dsDNA length and the
density of the nanowire array. These experiments*®"

double-stranded DNA (dsDNA > 10° base pairs) molecules and small slit heights to

were carried out using long-chain

evaluate the separation. The results demonstrated that electrophoretic mobility was
primarily affected by both the polymer length and the channel size.

The separation and velocity control of short-chain ssDNA is currently an important issue
in DNA sequencing, and our own group has developed coarse-grained models of DNA to

cp a S - 14,2022
assist 1n 1nvestigating transport properties ~

. In this prior work, the time spans and
folded structures of dsDNA passing though nanogaps'® or nanowire arrays® were
determined, using practical spatial and temporal dimensions. More recently, a technique for
manipulating microparticles mimicking charged polymer chains was successfully
demonstrated by applying ac electric fields across a micropore, such that the motions of
microparticles could be aligned in the radial direction depending on the field frequency™.
However, the placement and conformation of polymer chains can be controlled even more
precisely in nanochannels exposed to electroosmotic flow (EOF) fields. Furthermore, when
the channel radius approaches the thickness of the electric double layer (EDL), the effect of
the electrically polarized channel surfaces has been shown to play an important role in
polymer transport24’25. Clarification of the DNA deformation process in nanochannels in
response to wall surface charges and ion concentrations is also of great importance to the
further development of nanofluidic devices such as nanopore-based sequencers’.

Polymer transport regimes® "

are frequently employed to illustrate the static
conformations of confined macromolecules. These include R, << a (bulk regime), R, = a
(de Gennes regime?’), and I, = a (Odijk regime”"), where R, is the radius of gyration of the

polymer, a is the channel radius, and /, is the persistence length. These regimes represent
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distinct confinement effects on the polymer conformations and transport dynamics in
nanochannels.
Computational studies of polymer transport phenomena in nanochannels have also been

14,29-41
R |

found to provide significant insight regarding the dynamics of biopolymers n

34,35

previous works, Luo and coworkers numerically investigated the movement of

polymers through nanochannels and nanopores, while Slater et al.*®’

performed pioneering
work in the field of the electrokinetic transport of DNA by developing coarse-grained
models. Jendrejack et al.>>*! theoretically and computationally clarified the shear-induced
migration and confinement effects on long-chain DNA dynamics in microfluidic devices.
Based on these previous studies, the present project assessed the transport of short-chain
ssDNA through nanochannels using computational simulations. In particular, this study
focused on the dependence of polymer mobility, deformation characteristics, and spatial
distribution on the salt concentration in a narrow channel with dimensions comparable to
the EDL thickness.

Specifically, the transport properties of ssDNA in a nanochannel were simulated using
Langevin dynamics (LD) in conjunction with a bead-spring model to determine the
relationships between the polymer length, salt concentration, and deformation process in
EOF fields. As a result of the present LD simulations, detailed characteristics of ssDNA,
such as off-centered alignment in the nanochannel stretching or compressing the polymer
chain, were elucidated on a realistic spatiotemporal scale. These results are expected to be

applicable to the development of techniques for the manipulation and velocity control of

ssDNA during transport.

Nomenclature

= radius of the nanochannel (m)

= thickness of the constant viscosity layer (m)

= ion concentration in solution (M)

= diffusion coefficient of ssDNA in free solution (m%/s)
= radical electric field (V/m)

axially applied electric field (V/m)

= distribution functions of ssDNA in nanochannels

Q2 MmO QSR
Il

= Meijer G function
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\C =
u{r)y =
VU; =
U =
Uponda =

Zj =

Greek Symbols
Ojj =
o=ty =
€L =
e -

120 =

the zeroth-order modified Bessel function of the first kind
Boltzmann constant (J/k)

mean-square end-to-end distances of ssDNA in nanochannel (m?)
<L*> of ssDNA in nanochannel without applin radical electric field (m?)
bulk concentration of the ith electrolyte species (M)

bead number

bead charges (C)

radius of gyration of ssDNA (m)

random force (N)

nanochannel radical position

center of mass of the chain

ensemble average of the mass-center radial position of ssDNA
distance between the two molecules (m)

temperature (K)

equilibrium distance between the connected molecules (m)

the velocity of the center of mass of ssDNA along the z-axis (m/s)
velocity of the ith particle (m/s)

EOF velocity profile (m/s)

conservative force (N)

Lennard Jones potential (V)

bond potential (V)

valence of the ith electrolyte species

Kronecker’s delta

Dirac delta function

Lennard-Jones energy well-depth (kJ/mol)

the relative dielectric constant of solution

dielectric constant of vacuum (F/m)

bulk viscosity (Pa-s)

viscosity near the nanochannel surface (Pa-s)

zeta potential (V)

inverse of Debye length (m™)

Debye length (m)

electrophoretic mobility of ssDNA in nanochannel (m?*/Vs)
electrophoretic mobility of EOF (mz/V S)

electrophoretic mobility of ssDNA in free solution (m?*/Vs)
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friction coefficient of bead (kg/s)
bead diameter (m)
electrostatic potential (V)
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4.2 Computational methods

4.2.1 Electroosmotic flow in the nanochannel

Figure 4-1 is a schematic illustration of ssDNA that electrophoretically passes through a
cylindrical nanochannel, where liquid flows induced by interactions between an electrically
charged channel surface and polar solvent also affect the polymer translocation. Focusing
on such a velocity field, we discuss electrokinetic transport phenomena of ssDNA in
nanochannel. Taking into account the effect of velocity gradients due to highly concentrated
ions near wall surfaces, the nanochannel is divided into two parts with respect to the radius
r, such as the constant viscosity layer (CVL) in 0 < r < b, where the viscosity 7(r) is equal
to the bulk value 7, and the nonconstant viscosity layer (NVL) in b < r < a, where a is the
radius of cylindrical channel and b is the boundary at the CVL and NVL. The viscosity
expressed by 7(r) = no?/b® quadratically increases very near the channel surface as
suggested by Wang et al.*2. Under an axially applied electric field E, along the nanochannel,
charged molecules and liquids are forced to migrate along the z-axis. Additionally, the ¢
potential of a channel surface causes to form an EDL and a nonuniform electric field E,

14,44 .
", an electric

along the r-axis, such that E, = —d¢/dr. Based on previous theoretical studies
field is independently separated into two components, such as E. and E,. Here, we assume
E. is axially constant in the infinitely long narrow channel. Additionally, pressure gradient
along the z-axis is assumed to be negligibly small according to the conventional models of
EOF *. The EOF velocity u(r) varied along the radial direction can be written in the
cylindrical coordinate system as follows:

1d du 1d( dg
< 2| =geE——| r<2 4-1
rdr(m(r) drj “of Zrdr(r drj -1

where gy 1s the dielectric constant of vacuum and ¢ the relative dielectric constant of
solution. The electric force on the right-hand side is derived from the Poisson equation. The

electric potential ¢(r) in the nanochannel is written as follows:

(4-2)

where [, is the zeroth-order modified Bessel function of the first kind, and x is the
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Figure 4-1. Schematic illustrations of (a) ssDNA passing through a cylindrical
nanochannel and (b) a coarse-grained bead-spring model of the polymer chain. The
longitudinal electric field, £, results in electrophoresis of the negatively charged DNA
and an EOF due to the wall surface charges. The surface of the nanochannel is either
negatively or positively charged associated with the { potential. A non-constant viscosity
layer is known to exist very near the surface and EDLs affect the EOF flow pattern.
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reciprocal of Debye length Ap:

1 eZZnizf
K=——=y——, (4-3)
Ay &k, T

where kg is the Boltzmann constant, #; the bulk concentration of the ith electrolyte species,
and z; the valence. The relation between Ap and #n; for monovalent ions is summarized in
Table 4-1. Since the electric potential in nanochannel depends only on r, V¢ can be
reduced to an ordinary differential equation and results in

4

- n(r) dr’

di — _gOgEZ % (4 4)

The concrete solution of Equation 4-4 can be expressed according to the boundary
conditions. In the CVL, the solution of Equation 4-4 is expressed replacing #(r) by the

constant viscosity 7. The solution is represented in the form as follows:

uZ:£05E24|:IO(Kr)+Cl:| in05r<b, (4-5)
up I, (Ka )

where C; is an integral constant determined later. On the other hand, in the NVL, the
viscosity near the surface is represented by 5(r) = nor*/b* and therefore, Equation 4-5 is

expressed as follows

2
1
u, = SfECh = ‘(fr)dr inb<r<a. (4-6)
1, (ka) r

To solve Equation 4-6, Meijer G function is introduced®. The integral of the first order

modified Bessel function divided by 77 is calculated as

194 (KV) K2 2,0 1 K2r2
J. 1}"2 rz_TGlﬁ [0’0’_1‘_ 4 ]+C2’ (4-7)
and thus, the solution can be simplified, such that
u, =-aG(kr)+C,, (4-8)

1 2 . o .
where G(xr) = G%:g <O 0.-1 |— KZT) calculated by using Matlab® libraries and o is an EOF

velocity parameter a = 803EZCK2b2 /(4n,ly(xa)). Based on the nonslip boundary condition
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U= = 0, C, is determined and the solution results in

u. =a| G(xa)-G(xr)]. (4-9)
The velocity profile is continuous at » = b, such that

u,(roby)=u(r—>>b,), (4-10)

that leads to C; as follows:

C, = I,(kb) + 4b2 | G(xa)-G(xb)]. (4-11)

KZ
Sorting out the equations above, the solution of EOF velocity profile in the whole

nanochannel results in

()= a[ﬁ(lo (xr)- Io(Kb)) +G(Ka)- G(Kb):|, r [0,b)

a[G(Ka)—G(Kr)], relb,a]

(4-12)

In these simulations, the channel surface was either positively or negatively polarized,
and the applied { potential was controlled between —25 and 25 mV. The bulk viscosity of
water, #, was set to 0.893 x 107 Pa-s and a uniform electric field of £, = 1.0 x 10° V/m was
applied along the z-direction. The EOF was found to become stronger with increases in the
{ potential because the highly concentrated electrolyte ions in the EDL dragged the solvent
molecules.

The electrokinetic transport phenomena introduced above involve both electrophoresis
and electroosmosis. Theoretical approaches to electroosmosis typically require several
assumptions to simplify the original problem and so reduce the physical and mathematical
complexities. A lack of knowledge regarding the viscosity gradients near the channel
surfaces often leads to overestimation of the EOF flow rate*’. These factors should be taken
into consideration in future work so as to obtain a better understanding of viscous flows
very near the channel surfaces. In this work, we also examined a numerical approach to
determine the EOF velocity profile in the presence of viscosity gradients near the channel
walls as shown in Supporting Material. As a result, it was found that these viscosity
gradients did not seriously affect the translocation properties of the ssDNA model. Thus,

hereafter, we apply a constant viscosity for the solution in a cylindrical nanochannel.
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4.2.2 Langevin dynamics simulation of a coarse-grained ssDNA model

In our model, intramolecular interactions are represented by a linear spring, and the
electrokinetics of polymer molecules are mainly affected by external electric fields in
liquids. In such a case, the behavior of particles can be expressed by an over-damped

Langevin equation'**’:

s(vi—u)=-VU; +R; +q(E-Vg), (4-13)

where v; is the velocity of the ith particle, E = E,e. where E, is the electric field strength
and e, is the unit vector in the z-direction, ¢ is the friction coefficient of particle, u is the
EOF velocity field that is treated as a field fixed in the space for the polymer translocation
such that u(r) = u.(r)e,, —VU, is the conservative force including interactions between
particles, ¢ is the electrical charge of single particle, and R; denotes the random force that

satisfies the fluctuation-dissipation theorem:

<Rw'(t)> =0

(4-14)
<Rw- (1) R, (t')> =2k TES (L ~1"), v =1{x,p,z}

where kg is the Boltzmann constant, 7' is temperature, J;; is Kronecker’s delta, and d(z—) is
the Dirac delta function where ¢ and ¢’ are time. The polymer chain consists of N individual
particles bonded to neighbors with a linear spring'**’. Interactions between the nearest
neighbors and between the coarse-grained molecule and channel surface are represented by

the Lennard-Jones potential taking the volume exclusion effect into account'*2’:

12 6
N 1
E 4e,, (EJ - {EJ +te, forr, <2°c

ULJ (ri) =94

J#L

(4-15)
1
0 forr, >2%c
where 7y 1s the distance between the two molecules, o is the diameter, and & is the energy
well-depth set to kg7. The coarse-grained molecule corresponds to 12 nucleotides (nt),
which is determined by dividing the persistence length of 5.0 nm for ssDNA by 0.43 nm
associated with the interval between nucleotides, holding the internal structure and

properties of ssDNA. Up; was applied to non-adjacent molecules. For the purposes of

volume exclusion, the potential was truncated at r={20 to allow for purely repulsive
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interactions between the molecules. The repulsive force from the channel surface works

only on the surface normal direction. Bonding between two consecutive molecules along
the chain is given by'***

1

Ubond (ri) = 2

0 otherwise

;k(;;.j =7, )*  for neighbors (4-16)

where 7¢q is the equilibrium distance between the connected molecules and given by 5.0 nm.
The spring constant is written by k= kg7/0, and 0 is caused by thermal fluctuations around
the average and 0 = 0.1¢ is applied14’20. The other parameter set employed in the present
simulations was already published'*. The friction coefficient & and effective bead charge ¢
in Equation 4-1 are evaluated referring to experimental data of diffusion coefficient D and
electrophoretic mobility i of ssDNA "°. In this study, we set 7 = 300 K and ¢ = 80.1 for
aqueous solutions. Resulting from the relationship of & = kg7/ND and g = &u = uksT/ND ',
both ¢ and ¢q are described as a function of V.

At the beginning of LD simulations, a polymer structure equilibrated in free solution is
placed at the cylindrical nanochannel inlet apart from the distance of R, and forced to pass
into the channel by applying a uniform electric field of E. = 1.0 x 10’ V/m. Linear increase
in the electrophoretic velocity to applied electric fields is also confirmed for the case of E.
= 1.0 x 10° V/m. That is, the mobility is constant for each N. Based on this fact, we discuss
the electrophoretic characteristics of ssDNA for the actual magnitude of the electric field.
Entering the polymer into the nanochannel, its structure deforms and reaches a steady state
during translocation in the cylindrical channel. This preliminary computation is carried out
for each trial to determine the initial condition in the nanochannel. Based on previous

. 1420
studies

, the time step of LD simulation is set to 1.0 ps, and the total computational time
is 2.0 ms for each. The time step of 1.0 ps is constrained by both stability and accuracy,
which was already verified in a previous study '*. The analysis of the polymer transport is
evaluated by at least 20 individual trials in all cases with different surface charges and ion

concentrations.
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4.3 Results and discussion

4.3.1 Verification of the coarse-grained ssDNA model

In the simulation, the electric field in the nanochannel is assumed to be not altered by the

presence of ssDNA. The charge density of ssDNA is calculated by:
o= Nq/[;1 ﬂN(Z)z'j = 6q/7zo*3 (4-17)

where N is the number of beads, g is the electrical charge of a bead, and o is the bead
diameter. The electrical charge density is defined by dividing the total charge of a polymer
by the volume. The p of the ssDNA chain and for comparison, that of the monovalent
electrolyte solution with the concentration of C are listed in Table 4-2 in the unit of
elementary charge per cubic nanometer. It is found that for C=1,2 x 1072 4 x 107, 9 x
107, and 4 x 10 M, the charge density of ssDNA bead is at least one order of magnitude
larger or smaller than that of the electrolyte solution, except in the case of C =2 x 107> M.
Thus, it is preferably assumed that the electrical charge of ssDNA is sufficiently screened
and the presence of the DNA does not disturb the electric field in the nanochannel.

The polymer transport properties, i.e., D, u, and Ry, were evaluated by performing the
LD simulation in free solution as shown in Figure 4-2. D was determined from the Einstein
relation calculating mean square displacements of the ssDNA and x was directory analyzed

from the simulations applying uniform electric fields to obtain the terminal velocity as a

function of the electric field. R, was determined as Rg2 = i(r, —rc)2 /(N +1), where r. is the
P
center of mass of the chain. Our simulation results were in close agreement with the
theoretical evaluations of D and u. This means that the coarse-graining method is suitable to
represent the behavior of ssDNA in terms of diffusion and electrophoresis. Setting ¢ and &
for a single bead to reproduce the D and u, R, of the ssDNA consequently agreed with the
theoretical model as shown in Figure 4-2(c). As listed in Table 4-3, appropriately
determined ¢ and ¢ for a coarse-grained molecule resulted in the constant mobility of 3.0 x

10 m%/Vs equivalent among each polymer length. Thus, this model is valid to mimic

various lengths of ssDNA, corresponding to from 60 to 600 nt.
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TABLE 4-1. Relationship between EDL thickness Ap, and ion concentration, C.

C(M) Ap (nm)
10° 0.3
2 %1072
4x107° 5
9x10* 10
4x107* 15

Table 4-2. Charge densities p of the electrolyte solution with C and ssDNA with the
length N.

C (M) p (e/nm’) N p (e/nm’)
1 6x 107" 5 3x 107
2x 107 1 %1072 10 3x 107
4x10° 2x107° 20 2x 107
9x 10 5x107* 30 1 %1072

4x107* 2x 1074 50 1x1072
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FIGURE 4-2. (a) Diffusion coefficient, D, (b) electrophoretic mobility, x, and (c)
radius of gyration, R,, as a function of the polymer length of coarse-grained ssDNA, N.
Error bars mean standard deviations at each data point. In (a), each data point was
evaluated from the mean square displacement and the Einstein relation, averaged by 50
individual simulations in free solution. In (b), the displacement of the center of mass of
the ssDNA chain was evaluated in the electric field of £, = 1.0 x 10° V/m as a result of
60 trials, where the mobility of the coarse-grained ssDNA, u = ¢/, was evaluated as
3.0 x 10~* m*/Vs that was constant for each N as shown in Table 4-3 in the main text. In
(c), each data point results from 2000 data samples. o and L are the persistence length
and contour length of polymer, respectively, where we applied ¢ = 5 nm and L = No for
ssDNA.
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4.3.2 Dependence of DNA mobility on ion concentration

Figure 4-3(a) shows the electrophoretic mobility of coarse-grained ssDNA, u (= v/E.,
where v, is the velocity of the center of mass along the z-axis), as a function of ion
concentration for both positive and negative { potentials. The EOF mobility, ugor (= u./E>),
was also evaluated at » = 0. This graph demonstrates the significant effect of the ion
concentration on the transport of the long polymer chains. Increases in C evidently caused a
pronounced shift in the mobility. In the case of N = 50, the mobility was reduced from 2.7 x
108 to 1.1 x 10 m*/Vs for {=-25 mV and increased from 3.3 x 108 t0 5.0 x 10°® m*/Vs
for { =25 mV. Due to the negative { potential, the direction of the EOF was opposite to the
ssDNA transport direction and the electrophoretic mobility decreased with increasing C for
both N =5 and 50, as shown in Figure 4-3(a). In contrast, for the positive { potential, the
mobility increased with C due to the EOF being in the same direction as the ssDNA
transport. This result suggests the possibility of controlling the translocation velocity of the
polymer chains by effectively inducing EOFs as a function of C. However, as shown in
Figure 4-3(b), the electrophoretic mobility was not affected by N, even though it was
modulated in the nanochannel compared to that in a free solution. The electrophoretic
mobility can be approximated by the superposition of ugor and the mobility in a free
solution, ifee, such that u = upor + Usee. Similar observations concerning the
length-independent mobility of DNA even in nanochannels as the result of saturated
confinement effects have been reported for long-chain dsDNA™®. Either increasing the
nanoslit height* or decreasing the DNA length® leads to a loss in separation resolution. This
constant mobility of long-chain dsDNA is believed to break down in nanoslits narrower

than 20 nm *'®

, in which the DNA molecules interact strongly with the wall surfaces and
inelastically dissipate their energy due to friction on the nanoscale'®. This issue has
attracted much attention and is still being debated. Our simulation results demonstrate that
the electrophoretic mobility of short-chain ssDNA is length independent in a straight
nanochannel with a 30 nm diameter. In practical applications, the velocity control of
short-chain ssDNA in nanopores or separation in nanochannels involves a greater degree of

confinement, such as occurs in gel media®’ and artificial nanochannels with nanoscale

obstacles™".
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Figure 4-3. Electrophoretic mobility, u, of ssDNA in the presence of an EOF with
negative and positive { potentials as functions of (a) ion concentration, and (b) polymer
length, N. In (a), i is presented for the cases of N =5 (squares) and 50 (circles), and the

EOF mobility, uror, values are also shown (triangles).
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4.3.3 Molecular conformations of DNA inside nanochannel

Figure 4-4 presents the typical conformations of ssDNA in a nanochannel as obtained
from the LD simulations, in which ion distributions in the nanochannel are affected by the
radial electric field E,. In the case of a negative (positive) { potential, £, repels (attracts)
negatively charged molecules. The right panel in Figure 4-4 presents color maps for the
electrostatic potential across the nanochannel cross-section. At Ap = 0.3 nm (C = 1 M), as
shown in Figure 4-4(a), the steep gradient in the ¢ values resulted in a strong E,, ranging
from 0 at the center to 8.2 x 10’ V/m at the channel surface. A broader distribution is
evident at Ap = 15 nm (C =4 x 10 * M), varying from E, = 0 V/m at the center to 7.4 x 10’
V/m at the channel surface. These data indicate that altering C caused /Ap to vary and this, in
turn, produced a flow profile transition from plug flow to Poiseuille-like flow, as shown in
Figures 4-4(a) and 4-4(b), respectively. At positive { potentials, the direction of the EOF
was opposite to the direction obtained with a negative potential, as shown in Figures 4-4(c)
and 4-4(d). The molecular conformations resulting from the LD simulations demonstrate a
typical deformation trend inside the nanochannel, affected by both the EOF and E,. The
velocity gradient of the EOF induced shear force between two coarse-grained molecules in
different stream lines tends to stretch the bonds between neighboring molecules. These
trends are discussed in more detail below.

Figure 4-5 presents the temporal and ensemble averages of R, for N values from 5 to 50.
The definition of R, is also provided in Supporting Material. R, and the deviation of the
distribution both increased with increasing N at both negative and positive { potentials.
Based on the R, of ssDNA in a free solution, this value will exceed the channel radius when
N is above 20. This explains why the deviation of R, increased so dramatically above N =
20. In addition, an unexpected non-monotonic change in R, is observed here. At N =5, the
short chain length limited the deformation of the ssDNA and so there was almost no
variation in R,. For N = 10, the average R, value decreased from 8.1 to 8.0 nm upon
switching the { potential from positive to negative. In contrast, the average R, increased by
1.6, 4.7, and 4.3% for N = 20, 30, and 50, respectively, upon applying a negative { potential
instead of a positive potential. This result indicates that switching the { potential affects the

polymer conformation in the nanochannel.
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FIGURE 4-5. Distributions of R, in the nanochannel for a variety of N resulting from (a)
{=-25mV and (b) =25 mV. Mean values of R, in the case of N = 50 are 29.1 and 27.9
nm for (= —25 and 25 mV, respectively. Legend: black, N = 5; red, N = 10; blue, N = 20;
pink, N =30; green, N = 50.

To characterize the deformation of the ssDNA in the nanochannel, we evaluated the
mean-square end-to-end distances, <L*>, of polymer chains exposed to the E, and EOF, and
compared these values to those predicted for equilibrium in the nanochannel, <L,>>. The
ratio of these values, <L*>/<L,>>, indicates the degree of polymer deformation, whether by
stretching (> 1) or compression (< 1). Figures 4-6(a) and 4-6(b) present the histograms of
these ratios for N = 50 and 5, respectively, as functions of the { potential and Ap. As can be
seen, the ratio varied non-monotonically as a function of C. The compression and stretching
of the ssDNA were greatest at C =4 x 107 M (Ap = 5 nm). At (=25 mV, the plot shows a
deviation between 0.89 and 0.99, implying a maximum 11% compressive deformation of
the long-chain ssDNA (N = 50). In contrast, a maximum stretch of 10% was obtained from
a negative { potential. These trends were reversed in the case of N =5, as shown in Figure

4-6(b). the distribution concentrates near 1.00, and the deformation is less than 2%.
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Figure 4-6. Mean-square end-to-end distances, <L*>, of ssDNA exposed to E, in a

nanochannel at various values of ¢ potential and Ap. Here <L*> is normalized by the

mean-square end-to-end distance, <Ly>>, in an equilibrated solution in the channel. Data

are shown for the polymer lengths (a) N =50 and (b) 5.
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4.3.3 Radial position of DNA inside nanochannel

The ensemble average of the mass-center radial position (r,) of the ssDNA was
subsequently evaluated as a function of N. Figure 4-7 demonstrates that the center of mass
tended to concentrate near the center of the nanochannel with increasing N, regardless of
the sign of the {'potential or the Ap. Above N = 20, in the range of R, > a, the long polymers
were tightly packed in the nanochannel and thus, the center of mass was located in the
center of the channel as a result of the distribution of the connected beads. However, in the
case of short polymers (such as N =1, 5, and 10), (r.) appeared to become more sensitive to
the ¢ potentials of -25 and +25 mV at Ap = 15 nm (C =4 x 10" M), as shown in Figure 4-7.
The different polymer structures at N =5 and 20 are also provided in this figure. At N < 20,
the numerical data show large deviations because the effect of thermal fluctuations
dominated the motion, in addition to electric forces resulting from the wall potential.
Although the short-chain ssDNA appeared to be more readily controlled by applying
electric fields, the Brownian motion of these molecules disturbed the alignment of the
molecules. As a consequence of the specific polymer conformations, (r.) tended to
monotonically approach the channel center with increasing N as the molecules were
exposed to the EOF fields. As N increased, the long polymer chains behaved as though they
are coiled within the inner wall of the cylinder. This explains why the center of mass of
long-chain ssDNA always appeared near the channel center and there was no difference
between positive and negative { potentials.

Figure 4-8 presents the distribution functions, f{r), of the radial positions of

coarse-grained beads in the channel for a variety of Ap, where f(r) is discretized and

normalized, such that 272'21; f(r)Ar=1. Here, we set Ar = a/n, where n = 15 for a = 15 nm,
i=1

such that Ar = 1 nm. During the LD simulation run, the radial position of each individual
bead was calculated at 10 ps intervals during the last 1.0 ms of simulation time. The results
showed the detailed behavior of each bead as well as that of the center of mass, as
presented in Figure 4-7. For the negative { potential, as shown in Figures 4-8(a) and 4-8(b),
the coarse-grained beads appear to have been repelled by the surface potentials and thus

migrate toward the channel center. At N = 5, as in Figure. 4-8(a), E, clearly pushed the
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distribution in the radial direction and, at Ap = 5 nm (C = 4 x 10~* M), the peak position at
approximately » = 2.5 nm was the nearest to the center. Because of the spring force between
the connected beads, the peak positions were not coincident with the center, which is
obviously different from the random walk of a single particle. For Ap = 15 nm, E, was also
broadly expanded along the channel cross-section and so the charged beads were exposed
to the electric field. In contrast, the electric force was weakened in the case of a thick EDL
and the peak position was further from the center than in the case of ip =5 nm (C=4 x10
M). At N = 50, as shown in Figure 4-8(b), there was not such a clear difference in the
distributions as a function of Ap. It is evident that, especially in the case of short polymer
chains, the negative { potential and EDL thickness can potentially affect the positioning of
the ssDNA in the channel. At a positive surface potential, as shown in Figures 4-8(c) and
4-8(d), although the electrically charged molecules were attracted to the wall surface, they
were also repelled due to the elastic wall potential. As a result, peak positions appeared
apart from the attractive wall surface. It is especially evident in Figure 4-8(c) that the
histograms exhibit different peaks depending on Ap. At Ap =5 nm (C =4 x 107 M), the
ssDNA was more strongly attracted to the surface. Some hot spots through which there was
greater bead movement were obvious as the result of the coexistence of radial electric fields,
the EOF, and the elastic wall potential. Conversely, the distributions were not so clearly
distinguished based on variations in Ap. The short-chain ssDNA appears to have been
particularly affected by these factors and these variables may therefore play a significant
role in defining the radial positions of molecules in conjunction with negatively polarized
channel surfaces. Figure 4-8 shows an off-center distribution of the connected beads in the
channel in the presence of E, and the EOF. Butler et al.>® has reported that the maximum
distribution of polymer molecules modelled by a dumbbell structure similarly appears at an
off-center position in response to an applied external force and imposed flow field, based
on the kinetic theory. The present study confirmed these previous results in terms of the

coarse-grained LD model simulating ssDNA on practical spatial and temporal scales.
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Figure 4-7. Ensemble averages of the center-of-mass radial position (r.) as a function of
the polymer length, N, at { = —-25 mV, Ap = 0.3 nm (black squares); {= -25 mV, iAp = 15
nm (red circles); =25 mV, Ap = 0.3 nm (blue triangles); and { = 25 mV, Ap = 15 nm
(pink inverted triangles). The error bars that represent the standard deviations reflect the

Brownian motion of ssDNA inside the nanochannel.
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Figure 4-8. Discretized distribution functions, f{(r), of the radial positions of individual
coarse-grained beads in a channel at Ap = 0.3, 5, and 15 nm, for (a and b) a negative {
potential of =25 mV and polymer lengths of (a) N = 5 and (b) 50, and for (c and d) a
positive ¢ potential of 25 mV and (¢c) N = 5 and (d) 50. The radial position of each
molecule was sampled at 10 ps intervals over the last 1.0 ms of simulation time.
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4.4 Theoretical approach to the molecular distribution in a nanochannel

For comparison purposes, we also carried out a numerical analysis by solving
Nernst-Planck and Poisson equations, as described below. In these analyses, electrically
charged single particles with diffusion coefficients and electrophoretic mobilities equal to
those of coarse-grained ssDNA responded to £, and EOF more obviously, and the radial
distributions reflected the attractive and repulsive interactions in the nanochannel. In the
present case, ionic currents and the EOF due to the transport of electrolyte ions were
assumed to be at a steady state. Thus, the electrostatic potential, ¢, and the velocity field, u,
of the EOF are solved analytically. Additionally, it was assumed that the electric fields

could be represented as separate transversal and longitudinal components:

E=Ee +Ee = —(Cli—(ﬁer +Ee.. (4-18)
r

In such a field, the behavior of negatively charged beads can be evaluated. When the
number density, n, of beads, the charge, g, the friction coefficient, &, and the diffusion

coefficient, D, are fixed, the flux, f = (f,, f;), can be expressed as follows:

__4qdp ,dn_ ]
f.(r)= édrn Ddr 0, (4-19)
and
f.(r)= q?Ezn +un. (4-20)

Assuming a uniform electric field, E£., the ion distribution gradient along the z-axis is
negligibly small. Solving Equation 4-19 with the fluctuation-dissipation theorem, such that
¢ED = kgT, we obtain

n(r)=n, exp{— ]3(;} , (4-21)

where ny is a constant. At this point, f; is normalized to the channel cross-section to allow a

qualitative discussion of the results. According to Equations 4-20 and 4-21, we obtain

{qEZJruZ}exp{—q(p}
& kBT

= . (4-22)
27rr q—EZ+u exp L Ly PR
o & : k,T

1)
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To simplify the discussion, we apply the velocity field u, resulting from the constant
viscosity 79 and nonslip boundary condition in the cylindrical nanochannel:

E g.e| 1,(xr)
=220 S0 |, 4-23
=) Mo [lo(’fa) } ( )

The electric potential ¢ were determined from Equations 4-2, and the other properties were
set to those of the water, as noted above.

Figure 4-9 presents the electric field strengths in terms of the channel radial position
calculated from Equation 4-2, such that £, = —d¢/dr. Varying the salt concentration affected
E, in two respects: the magnitude and the effective area. The highest salt concentration, C =
1 M and Ap = 0.3 nm, resulted in an extremely short-range but strong E, on the order of 10’
V/m, within a span of 2 nm from the wall surface. It is evident that there was a critical point
near Ap =5 nm (C =4 x 107> M) at which the E, plot transitioned from an exponential curve
to a linear relationship. Further decreases in C reduced the magnitude of the E, that broadly
affected the channel. This critical condition clearly modified the distribution of electrically
charged particles, as described below.

Figure 4-10 shows the distribution function, f., using ¢ and ¢ as the parameters that
determine the properties of the ssDNA, as summarized in Table 4-3. Figure 4-10(a) presents
the results for (= —-25 mV, ¢ = —1.88e, and £ = 10.02 x 1012 kg/s in the case of N=15. As
Ap was increased, the charged particles tended to locate near the center and exhibited a
minimum peak position when Ap =5 nm (C =4 x 107 M). Equation 4-19 demonstrates that
the repulsive force from the channel surface was significantly stronger than the diffusive
force at Ap < 5 nm (C > 4 x 10 M). Further increases in Ap (> 5 nm) moved the
distribution away from the center. In addition, Equations 4-22 and 4-23 demonstrate that
the EOF velocity field that varied with » enhanced the off-center behavior. In the case of ¢
= —0.649¢ and ¢ = 3.47 x 10""? kg/s for N = 50, as shown in Figure 4-10(b), the difference
between the peaks in each distribution was reduced at { = —25 mV, compared with the
values in Figure 4-10(a). Conversely, at { = 25 mV, the negatively charged particles were
attracted to the positively charged surface, as in Figure 4-10(c), such that the charged
particles shielded the wall surface in conjunction with an extremely thin EDL of Ap = 0.3

nm. The greatest variation in radial distribution occurred at Ap = 5 nm (C = 4 x 107 M). At
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Ap>5nm (C <4 x 107 M), the particles were weakly attracted to the center. At (=25 mV
for N = 50, as shown in Figure 4-10(d), the particles dissociated from the surface, although
the attractive force from the channel surface remained in effect.

These theoretical results indicate that the deformation evident in Figure 4-6 and the
distribution shown in Figure 4-8 actually result from the electric force due to the presence
of E,, because the ssDNA experiences either repulsive or attractive electric force in the
radial direction. More importantly, the deformation and distribution of the polymer both
exhibit non-monotonic behavior because of the combined effects of the magnitude and
effective range of E,. Consequently, the distribution shown in Figure 4-8 demonstrates that
polymers tend to be transported through the off-center regions of a nanochannel having a
30 nm diameter. This explains the experimental observation of a reptation-like motion of
DNA in a 30 nm nanoslit, which is clearly different from the behavior seen in less confined
nanoslits (wider than 40 nm) **. Our study confirms that surface charges (in addition to
confinement effects) influence the transport mechanism of biopolymers when the channel
dimension is reduced to less than 30 nm (that is, a value comparable to ip).

The results described above for long-chain ssDNA (N > 20) are summarized
schematically in Figure 4-11. In the case of negatively polarized wall surfaces, the EOF and
the electrophoretic transport of the ssDNA are in opposite directions, as in Figures 4-11(a)
and 4-11(b). In this scenario, a thin EDL at high concentrations results in a plug-like EOF
that is almost constant regardless of », as presented in Figure 4-11(a). As the molarity
decreases, the flow field clearly generates a velocity gradient that causes a relative velocity
difference between molecules in different stream lines. Additionally, due to the radial
electric force, the effective volume of the nanochannel decreases and the polymer chain is
stretched, as in Figure 4-11(b). In contrast, positively polarized wall surfaces provide
electrokinetic transport of the ssDNA in the same direction as the EOF, as in Figures 4-11(c)
and 4-11(d). The radial electric force, which becomes stronger at medium ion
concentrations, induces intramolecular interactions and compressive deformations along the

axial direction, as in Figure 4-11(d).
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TABLE 4-3 Electrical charge and friction coefficient for corresponding polymer length.

N g(—e) QA0 "%kgls)  g/E(107° mY/Vs)
1 4.01 21.42 3.00
5 1.88 10.02 3.00
10 1.36 7.28 2.99
20 0.97 5.18 3.00
30 0.82 4.40 3.00
50 0.65 3.47 3.00

(V/m)

”

E

r (nm)

Figure 4-9. Radial electric field strengths, E,, as a function of the radial position, 7, in a
nanochannel at different salt concentrations. Legend: black: Ap = 0.3 nm; red: Ap = 2 nm;
blue line: Ap = 5 nm; pink line: Ap = 10 nm; green line: Ap = 15 nm. The radial electric

field was calculated using Equation 4-2.
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Figure 4-10. Radial distribution functions, f{(r), of electrically charged particles in a
nanochannel at Ap = 0.3, 5, and 15 nm, obtained by solving the Nernst-Planck and Poisson
equations (Equations 4-19 and 4-20), for (a and b) a negative { potential of =25 mV and (a)
N =15 and (b) 50, and for (c and d) a positive { potential of 25 mV and (c) N= 5 and (d) 50.

Here f{r) is normalized by '[:27;7‘ (r)rdr =1.
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Figure 4-11. Schematic representations of the ssDNA transport mechanism in a
nanofluidic channel resulting from the LD simulations. The DNA chain experiences a
repulsive (a and b) or attractive (c and d) forces in the radial direction caused by negative
or positive { potentials, respectively. Depending on the ion concentration, a strong electric
force acts on the molecule in the EDL. (a and b) Due to the negative { potential, the
channel surface repels the negatively charged DNA toward the center, the EOF field
causes intramolecular interactions in the polymer chain, and the velocity gradient at lower
ion concentrations results in stretching of the polymer structure as shown in (b). (c and d)
The positive { potential attracts the DNA to the channel surface and the EOF velocity

gradient deforms the molecule in a dilute solution. As a result, the polymer structure is
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4.5 Conclusion

Simulating the EOF velocity fields in a cylindrical nanochannel with a 15 nm radius
allowed the characterization of the electrokinetic transport regimes of ssDNA via LD
simulations in conjunction with a coarse-grained model. The validity of this model was
verified by evaluating the diffusion coefficient, electrophoretic mobility, and radius of
gyration in a free solution. The charged polymer transport properties in EOF fields were
evaluated and some useful results were obtained. Focusing on the case in which R, is
similar to or greater than the radius of the channel cross-section, the relationship between
the flow field and the deformation of the polymer conformation was evaluated. The electric
force in the channel primarily results from the { potential and this force repels (attracts)
negatively charged ssDNA molecules at negative (positive) surface potentials. In the
transport regime, short-chain ssDNA tend to be strongly affected by the radial electric field,
the EOF, and the wall potential. Furthermore, as the ion concentration is decreased, the
EOF exhibits apparent velocity gradients that lead to intramolecular interactions between
the coarse-grained ssDNA molecules. Especially in dilute electrolyte solutions, setting the
direction of the EOF forward or backward to the direction of the ssDNA electrophoresis
leads to a deformation regime in which polymer chains are compressed or stretched,
respectively. Consequently, the possibility of controlling the velocity of polymer transport
by modifying the EOF profile and { potential is evident.

This study is relevant to the fields of polymer physics and applied biophysics. These
finding may also lead to the development of novel single-molecule manipulation techniques
in liquid flows. Examples of possible applications include recently reported experiments
aimed at slowing ssDNA translocation through a nanochannel by adjusting the electric
potential’®, and stretching ssDNA exposed to external liquid flows near substrate

surfaces” "%,
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Chapter 5

General Conclusions

Recently, the breakthrough in the nanofluidics research field has led the evolution in the
progress of single molecule identification and analysis, which supplies the opportunity to
accomplish the ultrafast and high throughput measurement. We have investigated the DNA
transport phenomena in nanofluidic structures to clarify the mechanism of DNA transport at
nanoscale. The main findings of this thesis are summarized as follows.

In Chapter 2, we have investigated the electrokinetic transport of long dsDNA molecules
in a nanofluidic device consisting of microchannel, nanochannel, and nanopore under
nonuniform electric fields. We developed a computational model and carried out
simulations in order to verify the transport dynamics of dsDNA passing through the
nanogap mounted in a micro/nano-fluidic channel. Langevin dynamics simulations were
applied to a bead-spring model of A-DNA under nonuniform electric fields due to the
stepwise flow channel. Translocation time through a nanogap was measured, clarifying the
detailed mechanism of A-DNA which passed through the confined narrow space. It was
found that the multiple connections of different-sized channels, which induced a very
strong electric field in the nanogap, were effective to uncoil and smoothly introduce DNA
into the narrow gap. Furthermore, asymmetric transports of DNA in cis and trans channels
were caused by deformations of the long-chained molecule in such a distinguishing shape
of channel. In comparison with previous theoretical and experimental results, a better
understanding could be obtained for the electrokinetic transport of dsDNA from a

dynamical point of view.
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In Chapter 3, the translocation mechanism of a ssDNA molecule in a nanofluidic channel
was investigated using Langevin dynamics simulations. A coarse-grained bead-spring
model was developed to simulate the dynamics of ssDNA chain passing through a
rectangular cross-section nanopore embedded in a nanochannel, under the influence of a
nonuniform electric field. Varying the cross-sectional area of the nanopore was found to
allow optimization of the translocation process through modification of the electric field in
the flow channel, since a drastic drop in the electric potential at the nanopore was induced
by changing the cross-section. Furthermore, the configuration of the polymer chain in the
nanopore was observed to determine its translocation velocity. The competition between the
strength of the electric field and confinement in the small pore produces various transport
mechanisms and the results of this study thus represent a means of optimizing the design of
nanofluidic devices for single molecule detection.

In Chapter 4, we investigated the electrokinetic transport of single-stranded DNA in a
cylindrical nanochannel, employing a coarse-grained bead-spring model that quantitatively
reproduced the radius of gyration, diffusion coefficient, and electrophoretic mobility of the
polymer. Using this practical scale model, transport regimes of ssDNA with respect to the
wall surface potential of the channel, the ion concentration, and the polymer length were
successfully characterized. It was found that the relationship between the radius of gyration
of ssDNA and the channel radius was critical to the formation of deformation regimes in a
narrow channel. We conclude that a combination of EOF velocity gradients and electric
fields due to electrically polarized channel surfaces affects the alignment of molecular
conformations, such that the ssDNA is stretched (compressed) at negative (positive) wall
surface potentials in low-concentration solutions. Furthermore, this work suggests the
possibility of controlling the center-of-mass position by tuning the salt concentration. These
results must be applicable to the design of molecular manipulation techniques based on
liquid flows in micro/nanofluidic devices.

In this thesis, we clarified the dsDNA translocation dynamics in nanopore (Chapter 2),
ssDNA translocation mechanism through nanopore (Chapter 3) and nanochannel (Chapter
4). The computational approaches we developed and the results presented above are useful
for the further development of the advanced manipulation / analysis platforms for DNA in

the future.
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