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ABSTRACT Electrokinetic phenomena in micro/nanofluidic channels have attracted considerable attention because precise
control of molecular transport in liquids is required to optically and electrically capture the behavior of single molecules. However,
the detailed mechanisms of polymer transport influenced by electroosmotic flows and electric fields in micro/nanofluidic
channels have not yet been elucidated. In this study, a Langevin dynamics simulation was used to investigate the electrokinetic
transport of single-stranded DNA (ssDNA) 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 z-potential of the channel wall, 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 is critical to the formation of deformation regimes in a narrow channel. We conclude that a
combination of electroosmotic flow 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 z-potentials
in comparatively low-concentration solutions. Furthermore, this work suggests the possibility of controlling the center-of-
mass position by tuning the salt concentration. These results should be applicable to the design of molecular manipulation
techniques based on liquid flows in micro/nanofluidic devices.
INTRODUCTION
An increased demand for analytical capability in the biolog-
ical sciences has prompted the development of micro/nano-
fluidic 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 re-
searched, the stability and size-controllability of solid-state
nanochannels show promise with regard to the fabrication of
ideal, robust platforms for biomolecular separation, detec-
tion, and analysis (1–8).

One of the most well-studied topics concerning nanoflui-
dic 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 (9), ion concentrations (10,11), temperature gradi-
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ents (12), solution viscosity (13), and pore dimensions
(14). 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, to overcome these remaining challenges.

Recent experimental works have partially addressed
the polymer-length dependent 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 demonstrated in a capillary with
a 60 nm diameter (4,15–17), this control was lost when
employing nanoslits with a height of 20 nm (4,18). Cross
et al. (4) reported that the effect of polymer length, N, on
the mobility of DNA can be described by a scaling law as
N�1/2 in a 19-nm-deep nanoslit. Cao and Yobas (19) found a
significant length dependence of the electrophoretic mobility
of DNA in a nanocapillary and nanowire array. Rahong et al.
(8) proposed two different separation mechanisms associated
with the dsDNA length and the density of the nanowire array.
These experiments (4,8,19) were carried out using long-chain
double-stranded DNA (dsDNA > 103 bp) molecules and
small slit heights to evaluate the separation. The results
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FIGURE 1 Schematic illustrations of (a) ssDNA passing through a cylin-

drical nanochannel and (b) a coarse-grained bead-spring model of the poly-

mer chain. The longitudinal electric field, Ez, 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 z-potential. A nonconstant viscosity layer is known to

exist very near the surface, and EDLs affect the EOF flow pattern. To see

this figure in color, go online.

CG Langevin Dynamics Approach in EOF
demonstrated that electrophoretic mobility was primarily
affected by both the polymer length and the channel size.

The separation and velocity control of short-chain single-
stranded DNA (ssDNA) is currently an important issue
in DNA sequencing, and our own group has developed
coarse-grained models of DNA to assist in investigating
transport properties (14,20–22). In this prior work, the
time spans and folded structures of dsDNA passing through
nanogaps (14) or nanowire arrays (6) 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 micro-
pore, such that the motions of microparticles could be
aligned in the radial direction depending on the field fre-
quency (23). 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 thick-
ness of the electric double layer (EDL), the effect of the
electrically polarized channel surfaces has been shown to
play an important role in polymer transport (24,25). Clarifi-
cation 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 nano-
fluidic devices such as nanopore-based sequencers (26).

Polymer transport regimes (27,28) are frequently em-
ployed to illustrate the static conformations of confined
macromolecules. These include the radius of gyration
(Rg), Rg � a (bulk regime), Rg z a (de Gennes regime
(27)), and lp z a (Odijk regime (28)), where Rg is the radius
of gyration of the polymer, a is the channel radius, and lp is
the persistence length. These regimes represent distinct
confinement effects on the polymer conformations and
transport dynamics in nanochannels.

Computational studies of polymer transport phenomena
in nanochannels have also been found to provide significant
insight regarding the dynamics of biopolymers (14,29–41).
In previous works, Luo et al. (34) and Luo and Metzler
(35) numerically investigated the movement of polymers
through nanochannels and nanopores, while Slater et al.
(36,37) performed pioneering work in the field of the elec-
trokinetic transport of DNA by developing coarse-grained
models. Jendrejack et al. (39–41) theoretically and compu-
tationally clarified the shear-induced migration and confine-
ment effects on long-chain DNA dynamics in microfluidic
devices. Based on these previous studies, this project as-
sessed the transport of short-chain ssDNA through nano-
channels 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 nano-
channel were simulated using Langevin dynamics (LD) in
conjunction with a bead-spring model to determine the rela-
tionships among the polymer length, salt concentration, and
deformation process in EOF fields. As a result of these LD
simulations, detailed characteristics of ssDNA, such as off-
centered alignment in the nanochannel stretching or com-
pressing the polymer chain, were elucidated on a realistic
spatiotemporal scale. These results are expected to be appli-
cable to the development of techniques for the manipulation
and velocity control of ssDNA during transport.
MATERIALS AND METHODS

Electroosmotic flow in a cylindrical nanochannel

Fig. 1 presents a schematic illustration of ssDNA undergoing electropho-

retic transport through a cylindrical nanochannel. Here, the liquid flows

induced by interactions between the electrically charged channel surfaces

and the polar solvent also affect the polymer translocation. Focusing on
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this velocity field, we investigated the electrokinetic transport of ssDNA in

nanochannels. Under the influence of an axial electric field, Ez, applied

along the nanochannel, charged molecules and liquids are forced to migrate

along the z axis. Additionally, the z-potential of the channel surfaces forms

an EDL and a nonuniform electric field, Er, along the r axis, such that

Er(r) ¼ �df/dr. Based on previous theoretical studies (14,42), an electric

field can be separated into two components, such as Ez and Er. Here, we as-

sume that Ez is axially constant over an infinitely long narrow channel.

When a nanochannel is situated within a wider flow channel, the electric

fields resulting from the streaming potential are highly concentrated and

almost uniform along the channel (14,42). Furthermore, the pressure

gradient along the z axis is assumed to be negligibly small in this study,

based on conventional EOF models (43). The EOF velocity, uz(r), will

vary along the radial direction and can be written in the cylindrical coordi-

nate system as follows:

uz ðrÞ ¼ ε0εEzz

h

�
I0ðkrÞ
I0ðkaÞ � 1

�
; (1)

where ε0 is the dielectric constant of a vacuum, ε is the relative dielectric

constant of the solution, and h is the viscosity of the solution. I0 is the

zeroth-order modified Bessel function and k is the reciprocal of the Debye

length, lD:

k ¼ 1

lD
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2
P
i

niz2i

ε0εkBT

vuut
; (2)

where kB is the Boltzmann constant, ni is the bulk concentration of the ith

electrolyte species, and zi is the valence of the electrolyte. The relationship

between lD and salt concentration, C (M), for monovalent ions based on

Eq. 2 is summarized in Table 1, where C is determined from ni divided

by Avogadro’s number. The electric potential, f(r), in the nanochannel is

calculated as follows:

fðrÞ ¼ z
I0ðkrÞ
I0ðkaÞ: (3)

In these simulations, the channel surface was either positively or negatively

polarized, and the applied z-potential was controlled between �25 and

25 mV. The bulk viscosity of water, h, was set to 0.893 � 10�3 Pa s and

a uniform electric field of Ez ¼ 1.0 � 105 V/m was applied along the z di-

rection. The EOF was found to become stronger with increases in the z-po-

tential because the highly concentrated electrolyte ions in the EDL dragged

the solvent molecules.

The electrokinetic transport phenomena introduced above involve both

electrophoresis and electroosmosis (44). Theoretical approaches to electro-

osmosis typically require several assumptions to simplify the original prob-

lem 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 (45). These factors should

be taken into consideration in future work to obtain a better understanding

of viscous flows very near the channel surfaces. In this work, we also
TABLE 1 Relationship between EDL Thickness, lD, and Ion

Concentration, C

C (M) lD (nm)

1 0.3

2 � 10�2 2

4 � 10�3 5

9 � 10�4 10

4 � 10�4 15
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examined a numerical approach to determine the EOF velocity profile in

the presence of viscosity gradients near the channel walls as shown in the

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 cylindri-

cal nanochannel.
Langevin dynamics simulation using a
coarse-grained ssDNA model

Using the EOF velocity fields described above, an LD simulation was per-

formed to investigate the behavior of ssDNA translocating through a

cylindrical nanochannel. The presence of solvent molecules that cause

thermal fluctuations was treated as a random force acting on the ssDNA

(14,20,38). In this project, we applied an in-house coarse-grained bead-

spring model based on prior theoretical studies (14,20,38) that have already

provided some fruitful computational results in conjunction with experi-

mental data (21,22,46). In the coarse-grained model, nucleotides consisting

of base, sugar, and phosphate groups are treated as a single particle, and

12 nt are replaced by a coarse-grained bead to represent the physical prop-

erties of ssDNA, such as the Rg, diffusion coefficient, and electrophoretic

mobility. A brief description of the simulation methodology and its valida-

tion is also provided in Supporting Material.

The polymer length was varied by using different values for N, the

number of coarse-grained beads, such as N ¼ 1, 5, 10, 20, 30, and 50, cor-

responding to ssDNA lengths of 12, 60, 120, 240, 360, and 600 nt, respec-

tively. The Rg of ssDNA ranges from 5 to 25 nm, reproducing the theoretical

value represented by the persistent length, s ¼ 5 nm for ssDNA, and the

contour length, L ¼ Ns, such that Rg ¼ ffiffiffiffiffiffiffiffiffiffiffi
sL=3

p
(15), and these values

are equivalent to a 30 nm channel diameter (Fig. S1 in the Supporting Ma-

terial). Therefore, our system corresponds to a de Gennes regime, a z Rg

(27), or a bulk regime, a > Rg. In these transport regimes, we assume that

hydrodynamic interactions resulting from the anisotropic behavior of sol-

vent molecules have a negligible impact on the transport of ssDNA from

an overdamped point of view (47–50). Although the importance of interac-

tions between the target molecules and the surrounding liquid in narrow

spaces has been recognized, there is not yet a suitable solution for this prob-

lem. Thus, we did not employ any specific model for hydrodynamic effects

in this study. Our millisecond-range simulation focused on averaged ssDNA

transport properties, and so hydrodynamic effects were screened in the case

of the coarse-grained model.

The electrically charged molecules moved in a mean field generated by

the presence of electrolyte ions, assuming that the distribution of the sur-

rounding ions was not disturbed. Although a number of solvent molecules

and ions varies near each polymer molecule, as shown in a previous study

(51), these coarse-grained beads represented a sufficiently screened mass

and so did not directly interact with their surroundings. There is a limitation

associated with treating electrical charges in terms of electrokinetics and

coarse-grained models; it must be assumed that electrical charges are

strongly attracted to the coarse-grained bead or wall surfaces but do not

interact with one another (52). Therefore, Er and Ez can also be separated

as in conventional models. The motions of the free charges represented

by electrolyte ions were obtained from molecular dynamics simulations,

although such calculations may not be helpful in terms of simulating prac-

tically observable spatiotemporal scales (51). The quantities of electrical

charges on the ssDNA and in the nanochannel are compared in Supporting

Material. The electrical charge densities were found to differ by more than

one order of magnitude, except in the case of lD ¼ 2 nm (C¼ 2� 10�2 M),

and so the separation was considered to be acceptable. These assumptions

were verified by determining specific values of x and q to reproduce the

physical properties of ssDNA provided in Table 2.

In the time evolution process, the Langevin equation was numerically

integrated with time steps of 1.0 ps over a 2.0 ms period for a single run.

An electric field in the z-direction was applied to obtain an electric force,

with Ez ¼ 1.0 � 105 V/m. Initially, equilibrated ssDNA was placed in the



TABLE 2 Electrical Charge, q, and Friction Coefficient, x, for

Various Polymer Lengths, N

N q (�e) x (10�12 kg/s) q/x (10�8 m2/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

CG Langevin Dynamics Approach in EOF
cylindrical nanochannel and was forced to move along Ez in the EOF. A

time span of at least 1.0 ms was required for the preparatory computations

to achieve a steady motion and after that, data sampling was carried out in

the steady state for 1.0 ms. For each condition, a minimum of 20 runs was

performed to obtain simulation data. Verification of these computational

conditions is also described in Supporting Material.
FIGURE 2 Electrophoretic mobility, m, of ssDNA in the presence of

an EOF with negative and positive z-potentials as functions of (a) ion con-

centration, and (b) polymer length, N. In (a), m is presented for the cases of

N ¼ 5 (squares) and 50 (circles), and the EOF mobility, mEOF, values are

also shown (triangles). To see this figure in color, go online.
RESULTS AND DISCUSSION

Dependence of ssDNA mobility on ion
concentrations

Fig. 2 a shows the electrophoretic mobility of coarse-
grained ssDNA, m (¼ vc/Ez, where vc is the velocity of the
center of mass along the z axis), as a function of ion concen-
tration for both positive and negative z-potentials. The EOF
mobility, mEOF (¼ uz/Ez), was also evaluated at r ¼ 0. This
graph demonstrates the significant effect of the ion concen-
tration on the transport of the long polymer chains. Increases
in C evidently caused a pronounced shift in the mobility. In
the case of N ¼ 50, the mobility was reduced from 2.7 �
10�8 to 1.1 � 10�8 m2/Vs for z ¼ �25 mV and increased
from 3.3 � 10�8 to 5.0 � 10�8 m2/Vs for z ¼ 25 mV.
Due to the negative z-potential, the direction of the EOF
was opposite to the ssDNA transport direction and the elec-
trophoretic mobility decreased with increasing C for both
N ¼ 5 and 50, as shown in Fig. 2 a. In contrast, for the pos-
itive z-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 trans-
location velocity of the polymer chains by effectively
inducing EOFs as a function of C. However, as shown in
Fig. 2 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 mEOF and the mobility in a free solution, mfree, such that
m z mEOF þ mfree. Similar observations concerning the
length-independent mobility of DNA even in nanochannels
as the result of saturated confinement effects have been re-
ported for long-chain dsDNA (4,8). Either increasing the
nanoslit height (4) or decreasing the DNA length (8) 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 (4,18), in which the DNA molecules
interact strongly with the wall surfaces and inelastically
dissipate their energy due to friction on the nanoscale
(16). 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 nanochan-
nels involves a greater degree of confinement, such as oc-
curs in gel media (27) and artificial nanochannels with
nanoscale obstacles (8,19).
Molecular conformations of coarse-grained
ssDNA in a nanochannel

Fig. 3 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 Er. In the case of a negative (positive)
Biophysical Journal 112, 838–849, March 14, 2017 841



FIGURE 3 Images showing the results of LD

simulations for both (a and b) �25 mV and

(c and d) 25 mV z-potentials (left panel) and the

electrostatic potential, f, in the channel cross sec-

tion (right panel). Various combinations of z and

EOF cause specific deformation patterns in the

polymer chain, including a pluglike EOF with

lD ¼ 0.3 nm (a and c) and a Poiseuille-like EOF

with lD ¼ 15 nm (b and d). To see this figure in

color, go online.
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z-potential, Er repels (attracts) negatively charged mole-
cules. The right panel in Fig. 3 presents color maps for
the electrostatic potential across the nanochannel cross sec-
tion. At lD ¼ 0.3 nm (C ¼ 1 M), as shown in Fig. 3 a, the
steep gradient in the f-values resulted in a strong Er, ranging
from 0 at the center to 8.2� 107 V/m at the channel surface.
A broader distribution is evident at lD ¼ 15 nm (C ¼ 4 �
10�4 M), varying from Er ¼ 0 V/m at the center to 7.4 �
105 V/m at the channel surface. These data indicate that
altering C caused lD to vary and this, in turn, produced a
flow profile transition from plug flow to Poiseuille-like
flow, as shown in Fig. 3, a and b, respectively. At positive
z-potentials, the direction of the EOF was opposite to the
direction obtained with a negative potential, as shown in
Fig. 3, c and d. The molecular conformations resulting
from the LD simulations demonstrate a typical deformation
trend inside the nanochannel, affected by both the EOF and
Er. The velocity gradient of the EOF-induced shear force be-
tween two coarse-grained molecules in different stream
lines tends to stretch the bonds between neighboring mole-
cules. These trends are discussed in more detail below.

Fig. 4 presents the temporal and ensemble averages of Rg

for N values from 5 to 50. The definition of Rg is also pro-
vided in Supporting Material. Rg and the deviation of the
842 Biophysical Journal 112, 838–849, March 14, 2017
distribution both increased with increasing N at both nega-
tive and positive z-potentials. Based on the Rg of ssDNA
in a free solution, this value will exceed the channel radius
when N is above 20 (see also Fig. S1). This explains why the
deviation of Rg increased so dramatically above N ¼ 20. In
addition, an unexpected nonmonotonic change in Rg is
observed here. At N ¼ 5, the short chain length limited
the deformation of the ssDNA and so there was almost no
variation in Rg. For N ¼ 10, the average Rg value decreased
from 8.1 to 8.0 nm upon switching the z-potential from pos-
itive to negative. In contrast, the average Rg increased by
1.6, 4.7, and 4.3% for N ¼ 20, 30, and 50, respectively,
upon applying a negative z-potential instead of a positive
potential. This result demonstrates that switching the z-po-
tential affects the polymer conformation in the nanochannel.

To characterize the deformation of the ssDNA in the
nanochannel, we evaluated the mean-square end-to-end
distances, hL2i, of polymer chains exposed to the Er and
EOF, and compared these values to those predicted for equi-
librium in the nanochannel, hL20i. The ratio of these values,
hL2=L20i, indicates the degree of polymer deformation,
whether by stretching (>1) or compression (<1). Fig. 5,
a and b, presents the histograms of these ratios for N ¼ 50
and 5, respectively, as functions of the z-potential and lD.



FIGURE 4 Distributions of Rg in the nano-

channel for a variety of N resulting from (a)

z ¼ �25 mV and (b) z ¼ 25 mV. Mean values of

Rg in the case of N ¼ 50 are 29.1 and 27.9 nm

for z ¼ �25 and 25 mV, respectively. (Black,

N ¼ 5; red, N ¼ 10; blue, N ¼ 20; pink, N ¼30;

green, N ¼ 50.) To see this figure in color, go

online.
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As can be seen, the ratio varied nonmonotonically as a func-
tion of C. The compression and stretching of the ssDNA
were greatest at C ¼ 4 � 10�3 M (lD ¼ 5 nm). At z ¼
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 ¼ 50). In contrast, a maximum
stretch of 10% was obtained from a negative z-potential.
These trends were reversed in the case of N ¼ 5, as shown
in Fig. 5 b. In this scenario, the distribution concentrates
near hL2=L20i ¼ 1:00, and the deformation is <2%.
FIGURE 5 Mean-square end-to-end distances, hL2i, of ssDNA exposed

to Er in a nanochannel at various values of z potential and lD. Here hL2i
is normalized by the mean-square end-to-end distance, hL20i, in an equili-

brated solution in the channel. Data are shown for the polymer lengths

(a) N ¼ 50 and (b) 5. To see this figure in color, go online.
Radial positioning of a polymer chain in a
nanochannel

The ensemble average of the mass-center radial position hrci
of the ssDNA was subsequently evaluated as a function
of N. Fig. 6 demonstrates that the center of mass tended
to concentrate near the center of the nanochannel with
increasing N, regardless of the sign of the z-potential or
the lD. Above N ¼ 20, in the range of Rg > a, the long poly-
mers 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 N¼ 1, 5, and 10), hrci
appeared to become more sensitive to the z-potentials
of �25 and þ25 mV at lD ¼ 15 nm (C ¼ 4 � 10�4 M),
as shown in Fig. 6. The different polymer structures at
N ¼ 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 addi-
tion 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 con-
formations, hrci tended to monotonically approach the chan-
nel 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
z-potentials.
Fig. 7 presents the distribution functions, f(r), of the
radial positions of coarse-grained beads in the channel for
a variety of lD, where f(r) is discretized and normalized,
such that 2p

Pn
i¼1rif ðriÞDr ¼ 1. Here, we set Dr ¼ a/n,

where n ¼ 15 for a ¼ 15 nm, such that Dr ¼ 1 nm. During
the LD simulation run, the radial position of each individual
bead was calculated at 10 ms intervals during the last 1.0 ms
of simulation time. The results showed the detailed behavior
Biophysical Journal 112, 838–849, March 14, 2017 843



FIGURE 6 Ensemble averages of the center-of-mass radial position, hrci,
as a function of the polymer length, N, at z ¼ �25 mV, lD ¼ 0.3 nm (black

squares); z ¼ �25 mV, lD ¼ 15 nm (red circles); z ¼ 25 mV, lD ¼ 0.3 nm

(blue triangles); and z ¼ 25 mV, lD ¼ 15 nm (pink inverted triangles). The

error bars that represent the standard deviations reflect the Brownian motion

of ssDNA inside the nanochannel. To see this figure in color, go online.
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of each bead as well as that of the center of mass, as pre-
sented in Fig. 6. For the negative z-potential, as shown in
Fig. 7, a and b, the coarse-grained beads appear to have
been repelled by the surface potentials and thus migrate to-
ward the channel center. At N ¼ 5, as in Fig. 7 a, Er clearly
pushed the distribution in the radial direction and, at lD ¼
5 nm (C ¼ 4 � 10�3 M), the peak position at approximately
r ¼ 2.5 nm was the nearest to the center. Because of the
spring force between the connected beads, the peak posi-
tions were not coincident with the center, which is obviously
different from the random walk of a single particle. For lD¼
15 nm, Er 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 weak-
ened in the case of a thick EDL and the peak position was
further from the center than in the case of lD ¼ 5 nm
(C ¼ 4 � 10�3 M). At N ¼ 50, as shown in Fig. 7 b, there
was not such a clear difference in the distributions as a func-
tion of lD. It is evident that, especially in the case of short
polymer chains, the negative z-potential and EDL thickness
can potentially affect the positioning of the ssDNA in
the channel. At a positive surface potential, as shown in
Fig. 7, c and 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 espe-
cially evident in Fig. 7 c that the histograms exhibit different
peaks depending on lD. At lD ¼ 5 nm (C ¼ 4 � 10�3 M),
the ssDNA was more strongly attracted to the surface.
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Some hot spots through which there was greater bead move-
ment 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 distin-
guished based on variations in lD. 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. Fig. 7 shows
an off-center distribution of the connected beads in the
channel in the presence of Er and the EOF. Butler et al.
(53) has reported that the maximum distribution of polymer
molecules modeled by a dumbbell structure similarly ap-
pears at an off-center position in response to an applied
external force and imposed flow field, based on the kinetic
theory. This study confirmed these previous results in terms
of the coarse-grained LD model simulating ssDNA on prac-
tical spatial and temporal scales.
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 electropho-
retic mobilities equal to those of coarse-grained ssDNA
responded to Er and EOF more obviously, and the radial
distributions reflected the attractive and repulsive interac-
tions in the nanochannel. In this case, ionic currents and
the EOF due to the transport of electrolyte ions were
assumed to be at a steady state. Thus, the electrostatic poten-
tial, f, 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 lon-
gitudinal components:

E ¼ Er er þ Ez ez ¼ �df

dr
er þ Ez ez: (4)

In such a field, the behavior of negatively charged beads can
be evaluated. When the number density, n, of beads, the
charge, q, the friction coefficient, x, and the diffusion coef-
ficient, D, are fixed, the flux, f ¼ (fr, fz), can be expressed as
follows:

fr ðrÞ ¼ �q

x

df

dr
n� D

dn

dr
¼ 0 (5)

and

fz ðrÞ ¼ qEz

x
nþ uz n: (6)

Assuming a uniform electric field, Ez, the ion distribution
gradient along the z axis is negligibly small. Solving Eq. 5



FIGURE 7 Discretized distribution functions,

f(r), of the radial positions of individual coarse-

grained beads in a channel at lD ¼ 0.3, 5, and

15 nm, for (a and b) a negative z-potential of

�25 mV and polymer lengths of (a) N ¼ 5 and (b)

50, and for (c and d) a positive z-potential of

25 mVand (c) N ¼ 5 and (d) 50. The radial position

of each molecule was sampled at 10 ms intervals

over the last 1.0 ms of simulation time. To see this

figure in color, go online.
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with the fluctuation-dissipation theorem, such that xD ¼
kBT, we obtain

nðrÞ ¼ n0 exp

�
� qf

kBT

�
; (7)

where n0 is a constant. At this point, fz is normalized to the
channel cross-section to allow a qualitative discussion of the
results. According to Eqs. 6 and 7, we obtain

fz ðrÞ ¼

�
qEz

x
þ uz

�
exp

�
� qf

kBT

�

2p
R a

0

�
qEz

x
þ uz

�
exp

�
� qf

kBT

�
rdr

: (8)

The EOF velocity, uz, and f were determined from Eqs. 1
and 3, respectively, and the other properties were set to those
of the water, as noted above.

Fig. 8 presents the electric field strengths in terms of
the channel radial position calculated from Eq. 3, such
that Er ¼ �df/dr. Varying the salt concentration affected
Er in two respects: the magnitude and the effective area.
The highest salt concentration, C ¼ 1 M and lD ¼
0.3 nm, resulted in an extremely short-range but strong Er

on the order of 107 V/m, within a span of 2 nm from the
wall surface. It is evident that there was a critical point
near lD ¼ 5 nm (C ¼ 4 � 10�3 M) at which the Er plot tran-
sitioned from an exponential curve to a linear relationship.
Further decreases in C reduced the magnitude of the Er

that broadly affected the channel. This critical condition
clearly modified the distribution of electrically charged par-
ticles, as described below.

Fig. 9 shows the distribution function, fz, using q and x as
the parameters that determine the properties of the ssDNA,
as summarized in Table 2. Fig. 9 a presents the results for
z ¼ �25 mV, q ¼ �1.88e, and x ¼ 10.02 � 10�12 kg/s in
the case of N¼ 5. As lDwas increased, the charged particles
tended to locate near the center and exhibited a minimum
peak position when lD ¼ 5 nm (C ¼ 4� 10�3 M). Equation
5 demonstrates that the repulsive force from the channel sur-
face was significantly stronger than the diffusive force at
lD < 5 nm (C > 4 � 10�3 M). Further increases in lD
(>5 nm) moved the distribution away from the center. In
addition, Eqs. 1 and 8 demonstrate that the EOF velocity
field that varied with r enhanced the off-center behavior.
In the case of q ¼ �0.649e and x ¼ 3.47 � 10�12 kg/s for
Biophysical Journal 112, 838–849, March 14, 2017 845



FIGURE 8 Radial electric field strengths, Er, as a function of the radial

position, r, in a nanochannel at different salt concentrations. (Black line,

lD ¼ 0.3 nm; red line, lD ¼ 2 nm; blue line, lD ¼ 5 nm; pink line, lD ¼
10 nm; green line, lD ¼ 15 nm.) The radial electric field was calculated

using Eq. 2. To see this figure in color, go online.
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N ¼ 50, as shown in Fig. 9 b, the difference between the
peaks in each distribution was reduced at z ¼ �25 mV,
compared with the values in Fig. 9 a. Conversely, at
z ¼ 25 mV, the negatively charged particles were attracted
to the positively charged surface, as in Fig. 9 c, such
that the charged particles shielded the wall surface in
conjunction with an extremely thin EDL of lD ¼ 0.3 nm.
The greatest variation in radial distribution occurred at
lD ¼ 5 nm (C ¼ 4 � 10�3 M). At lD > 5 nm (C < 4 �
FIGURE 9 Radial distribution functions, f(r), of electrically charged par-

ticles in a nanochannel at lD ¼ 0.3, 5, and 15 nm, obtained by solving the

Nernst-Planck and Poisson equations (Eqs. 14 and 15), for (a and b) a nega-

tive z-potential of �25 mV and (a) N ¼ 5 and (b) 50, and for (c and d) a

positive z-potential of 25 mVand (c) N ¼ 5 and (d) 50. Here f(r) is normal-

ized by
R a
0
2p f ðrÞrdr ¼ 1. To see this figure in color, go online.
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10�3 M), the particles were weakly attracted to the center.
At z ¼ 25 mV for N ¼ 50, as shown in Fig. 9 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 Fig. 5 and the distribution shown in Fig. 7 actually
result from the electric force due to the presence of Er as
shown in Fig. 8, because the ssDNA experiences either repul-
sive or attractive electric force in the radial direction. More
importantly, the deformation and distribution of the polymer
both exhibit nonmonotonic behavior because of the combined
effects of the magnitude and effective range of Er. In the case
of 30 nm diameter channel, preparing lD ¼ 5 nm (C ¼ 4 �
10�3 M), the broadly distributed Er effectively works on
the conformation change and deformation of the ssDNA.
On the other hand, excessively high and low concentrations
both do not contribute to generate the meaningful electric
nor EOF fields for the polymer chain. The important thing
is to create the most effective Er against the channel size.
Nanochannels are available to realize the optimized fields
with moderate concentrations comparatively easily preparing
in experiments. Consequently, the distribution shown in Fig. 7
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 reptationlike
motion of DNA in a 30 nm nanoslit, which is clearly different
from the behavior seen in less confined nanoslits (wider
than 40 nm) (24). Our study confirms that surface charges
(in addition to confinement effects) influence the transport
mechanism of biopolymers when the channel dimension is
reduced to <30 nm (that is, a value comparable to lD).

The results described above for long-chain ssDNA
(N R 20) are summarized schematically in Fig. 10. In the
case of negatively polarized wall surfaces, the EOF and the
electrophoretic transport of the ssDNA are in opposite direc-
tions, as in Fig. 10, a and b. In this scenario, a thin EDLat high
concentrations results in a pluglike EOF that is almost con-
stant regardless of r, as presented in Fig. 10 a. As themolarity
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 elec-
tric force, the effective volume of the nanochannel decreases
and the polymer chain is stretched, as in Fig. 10 b. In contrast,
positively polarized wall surfaces provide electrokinetic
transport of the ssDNA in the same direction as the EOF, as
in Fig. 10, c and d. The radial electric force, which becomes
stronger at medium ion concentrations, induces intramolecu-
lar interactions and compressive deformations along the axial
direction, as in Fig. 10 d.

These results suppose an interesting idea that negatively
charged polymer chains can be stretched by using negatively
charged surface channels with the optimized salt concentra-
tions, where EOF fields driven by counter cations effectively
work to reduce the translocation velocity of the polymers.
This is a desirable technology in single molecule analysis



FIGURE 10 Schematic representations of the ssDNA transport mecha-

nism 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 z-potentials, respec-

tively. Depending on the ion concentration, a strong electric force acts on

the molecule in the EDL. (a and b) Due to the negative z-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 z-potential at-

tracts the DNA to the channel surface and the EOF velocity gradient de-

forms the molecule in a dilute solution. As a result, the polymer structure

is compressed as shown in (d). To see this figure in color, go online.
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using nanopore devices, in which capture and reading of
base sequences must be carried out simultaneously (24–26).
CONCLUSIONS

Simulating the EOF velocity fields in a cylindrical nano-
channel 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 re-
sults were obtained. Focusing on the case in which Rg 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 z-potential, and this force repels (attracts) negatively
charged ssDNA molecules at negative (positive) surface
potentials. In the transport regime, short-chain ssDNA tends
to be strongly affected by the radial electric field, the EOF,
and the wall potential. Furthermore, as the ion concentra-
tion is decreased, the EOF exhibits apparent velocity gradi-
ents that lead to intramolecular interactions between the
coarse-grained ssDNA molecules. Especially in dilute elec-
trolyte 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 trans-
port by modifying the EOF profile and z-potential is evident.

This study is relevant to the fields of polymer physics and
applied biophysics. These findings may also lead to the
development of novel single-molecule manipulation tech-
niques in liquid flows. Examples of possible applications
include recently reported experiments aimed at slowing
ssDNA translocation through a nanochannel by adjusting
the electric potential (54), and stretching ssDNA exposed
to external liquid flows near substrate surfaces (55,56).
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