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ABSTRACT: Nanopores offer sensors for a broad range of
nanoscale materials, in particular ones of biological origin
such as single- and double-stranded DNA or DNA−protein
complexes. In order to increase single-molecule sensitivity,
it is desirable to control biomolecule motion inside
nanopores. In the present study, we investigate how in the
case of a double-stranded DNA the single-molecule
sensitivity can be improved through bias voltages. For this
purpose we carry out molecular dynamics simulations of the
DNA inside nanopores in an electrically biased metallic
membrane. Stabilization of DNA, namely, a reduction in thermal fluctuations, is observed under positive bias voltages,
while negative voltages bring about only negligible stabilization. For positive biases the stabilization arises from
electrostatic attraction between the negatively charged DNA backbone and the positively charged pore surface. Simulations
on a teardrop-shaped pore show a transverse shift of DNA position toward the sharp end of the pore under positive bias
voltages, suggesting the possibility to control DNA alignment inside nanopores through geometry shaping. The present
findings open a feasible and efficient route to reduce thermal noise and, in turn, enhance the signal-to-noise ratio in single-
molecule nanopore sensing.
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In the past two decades, fast and inexpensive genome
sequencing has become a rapidly growing research area.1−5

DNA sequencing using solid-state nanopores (SSNs),
inspired by their biological counterparts,6−10 holds great
promise for genomic applications as a potentially cost-effective,
rapid, and scalable technology.11−15 SSN devices are made of a
thin membrane containing one or multiple nanometer-sized
pores, through which DNA molecules are translocated under an
electric field across the membrane.16−25 The passing nucleo-
tides in the DNA molecule interact with the membrane,
enabling the detection and potentially the identification of
individual nucleotides. Typical detection methods include
measuring ionic current blockades from DNA dwelling in the
nanopore,7 measuring electrostatic potential changes across a
membrane capacitor caused by the passage of DNA charges,13

and monitoring transverse tunneling currents flowing through
nucleotides sandwiched between two membrane electrodes.26

Despite many efforts, no practical DNA sequencing experi-
ments using SSNs have been reported so far; detecting a real-
time discernible signal for the nucleotides in a DNA strand as
the molecule is translocated through SSNs remains a
challenging task. One of the primary impediments is the low
signal-to-noise ratio due to thermal fluctuations of DNA bases,
ions, and water inside SSNs. In particular, the noise from
variations in DNA structural conformation inside a nanopore

may offset the signal induced by each nucleotide, largely
weakening the sensing sensitivity of the nanopore device.
Therefore, in order to ensure the effective operation of a
nanopore device in single-molecule sensing applications, a
scenario to control the motions of biomolecules in SSNs is
highly desirable. In biological protein nanopores, the control of
motion and translocation velocity of DNA can be achieved by
using a processive enzyme, thereby enabling their applications
in DNA sequencing,27 mapping of DNA methylation,28 and
measurement of DNA position within the nanopore with
subangstrom precision.29

In SSNs, a possible strategy to control molecule motions is
the use of a multilayered membrane transistor containing a
motion-control electrode layer,30 as shown in Figure 1a, which
shapes the electrostatic landscape in the nanopore to reduce the
stochastic fluctuations of the interior biomolecules. To explore
this possibility, we carried out computational studies that first
self-consistently solve for the electrostatic potential arising from
the biased motion-control layer containing two types of
nanopores, one with a cylindrical cross section and a second
one with a teardrop-shaped cross section. We then performed a
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Figure 1. (a) Schematic of a prototypical multilayer transistor with a nanopore for DNA manipulation and detection. A metallic control layer
(yellow), sandwiched between two insulating oxide layers (blue), is biased at a voltage VC. A conducting sensing membrane such as a graphene
monolayer, biased at VD and VS, is used to detect the passing DNA molecule. The system is biased with respect to a common ground. (b)
System of molecular dynamics simulations in this study. The system consists of a dsDNA confined within a nanopore in a metallic membrane.
The schematic nanopore shown has a circular cross section. To render the DNA molecule visible, the front part of the membrane is left
transparent. (c, d) Electrostatic potential (c) and magnitude of electric field (d) in the x,y-plane (top panel) and along a line across the
nanopore diameter (bottom panel), of a 0.5 V biased cylindrical nanopore. Arrows denote the directions of local electric fields.

Figure 2. Scatter diagram showing center of mass positions of dsDNA in the last 50 ns of the 70 ns simulation trajectory at (a) positive and (b)
negative voltages. (c) Overlapped conformations of the DNA in a 5 ns MD trajectory at 10 ps intervals under voltage biases of 0 (left), 0.5
(middle), −0.5 V (right).
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series of molecular dynamics simulations to determine the
effect of the generated electrostatic potential on the motion of a
double-stranded DNA (dsDNA) in the nanopore. The results
show that DNA fluctuations can be reduced by positive voltage
biases higher than 0.5 V, suggesting a promising strategy to
stabilize DNA inside nanopores. The reduction of DNA
fluctuations could lower the conformational noise in the
nucleotide signal measured by a secondary sensing membrane
layer and, in turn, improve the sensitivity of nucleotide
detection and identification.

RESULTS AND DISCUSSION

We first consider, as shown in Figure 1a, a nanopore in a
stacked membrane with a circular cross section and 2.4 nm
diameter. In a typical device, the metallic motion-control
electrode layer of the stacked membrane is biased at a voltage,
VC, and isolated from the sensing membrane (e.g., graphene) by
an oxide layer such as SiO2

21 or Al2O3.
31 In the latter case, a

multilayered graphene−Al2O3 membrane was fabricated
through alternately depositing the layers of graphene and
Al2O3 onto a substrate.31 The control voltage is varied from
−0.75 V to 0.75 V by applying Dirichlet boundary conditions to
the electrode layer, as described in Methods. The control
voltage, as well as source (VS) and drain (VD) voltages across
the sensing membrane, are set with respect to a common
ground.30

Figure 1c and d show the electrostatic potential and the
associated electric field, respectively, in a plane perpendicular to
the nanopore axis and at an electrode voltage of 0.5 V. The
potential is constant within the metallic interior, but drops
rapidly after crossing the pore boundary, due to the large
screening of Cl− ions that are attracted by the positively
charged pore surface. The potential along a line through the
nanopore center is shown in the bottom panel of Figure 1c.
The potential is nearly zero in most regions inside the pore,
while a sudden jump near the pore surface is observed, leading

to a strong local electric field on the order of 0.1 V/Å (Figure
1d). In addition, the local electric field at every point inside the
pore points uniformly to the pore center (Figure 1d). At
negative electrode biases, the fields and potentials are identical
in magnitude but opposite in sign to those for positive voltages.
The calculated potential was then incorporated in MD

simulations to determine its influence on the motion of a
dsDNA molecule confined in the pore (Figure 1b). In Figure 2a
and b, we show center of mass (CM) positions of the DNA
molecule in the x,y-plane for each frame in the last 50 ns of 70
ns simulation trajectories at positive and negative voltages,
respectively. At zero electrode bias, the DNA positions at
different times spread almost uniformly inside the pore, as no
significant interaction between the pore and the DNA molecule
exists. One also notes that the center point, around which the
DNA resides, deviates slightly from the pore center by 0.2 Å,
which accounts for about 0.8% of the pore diameter (2.4 nm),
due to limited sampling of possible DNA conformations in the
MD simulations. At positive voltages (Figure 2a), on the other
hand, the DNA CM positions become more localized around a
specific location in the pore, indicating damping of the DNA
motion around a stable conformation. This location is also not
exactly at the pore center because of the slight randomness in
conformational change in response to applied voltages. The
reduction of DNA fluctuations is discernible through the
backbone spread in the overlapped DNA conformations
obtained from the MD trajectory at 0.5 V (middle panel in
Figure 2c), which is thinner than that in the voltage-free case
(left panel). Such a stabilization effect produced by positive
voltages is the consequence of electrostatic attraction between
the positively charged pore surface and the negatively charged
DNA backbone. In addition, larger positive electrode voltages
reduce the area within which the DNA CM is found (Figure
2a), suggesting that larger voltages reduce the motion of the
DNA molecule more strongly.

Figure 3. (a, c) RMSDs of all non-hydrogen atoms of the central portion of the dsDNA, namely, nucleotides between the sixth and 17th base-
pair of the 22 base-pairs, from the starting DNA conformation in MD simulations at positive (a) and negative (c) bias voltages. The thick lines
represent moving average over 100 data points. (b, d) Moving standard deviation over 100 data points of the RMSD for positive (b) and
negative (d) voltages.
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At negative voltages, however, the DNA still fluctuates
greatly, as indicated by the broad distribution of DNA CM
positions (Figure 2b) and the thicker backbone spread in the
DNA conformations (right panel in Figure 2c). The DNA is
compressed significantly in the lateral direction due to strong
repulsion between the negatively charged pore surface and the
DNA backbone. Because DNA is a soft biological molecule, it
does not necessarily achieve a perfect symmetric configuration
around the pore center after the compression (see the right
panel in Figure 2c, for instance). As a result, the scattering of
DNA CM positions is centered at a random position, but very
close to the pore center. Such randomness in the DNA
positions is further supported by another independent series of
simulations (see Figure S1 in the Supporting Information),
where the DNA CM positions are quite different from those
obtained in the above simulations at the same negative voltages.
The only difference between the two groups of simulations lies
in the seed of a random number generator that was used to
assign the initial velocity of each atom in the system.
Figure 3a and c show the root-mean-square deviation

(RMSD) profiles of all non-hydrogen atoms of the central
portion of the dsDNA from the starting conformation, namely,
nucleotides between the sixth and 17th base-pair of the 22 base-
pairs, under positive and negative electrode voltages,
respectively. In the voltage-free case, the DNA RMSD
fluctuates around an average value of 2.1 Å during the whole
simulation (black curve in Figure 3a or c), with a high moving
standard deviation ranging from 0.2 to 0.5 Å (black curve in
Figure 3b or d). When a positive voltage VC = 0.25 V is applied
to the electrode, the overall RMSD profile (red) fluctuates
around a relatively larger average displacement of ∼3.5 Å from
the starting conformation of the DNA (Figure 3a), with a
moving standard deviation between 0.15 and 0.3 Å that is
reduced compared to the voltage-free case (Figure 3b). The
conformational change is attributed to the lateral expansion of
the dsDNA in the x,y-plane of the cylindrical pore that is
induced by electrostatic attraction between the positively
charged pore surface and the negatively charged DNA
backbone. As the positive voltage further increases to VC =
0.5 V, the DNA RMSD profile exhibits an enhanced
conformational change from the starting DNA structure with
an average displacement of ∼4.7 Å (green). In parallel, the
moving standard deviation of the RMSD profile at this voltage
is significantly reduced compared to VC values at 0.25 and 0 V,
indicating that the thermal fluctuation of dsDNA is greatly
inhibited (see also middle panel in Figure 2c). When the
positive voltage is increased to 0.75 V (blue curve in Figure 3a),
the dsDNA exhibits comparable RMSD values to those at 0.5 V
voltage, indicating that the lateral expansion of the DNA
becomes saturated. However, the decreased moving standard
deviation observed at 0.75 V electrode voltage suggests that
higher positive voltages achieve stronger stabilization (blue
curve in Figure 3b). The stabilization at positive voltages is
induced by the adhesion of DNA to the pore surface. Once
adhered, the DNA molecule cannot detach easily from the pore
surface unless a nonpositive voltage is applied, as we document
now.
In sharp contrast to the positive electrode biases, no evident

stabilization effect is observed when negative voltages are
applied to the membrane, as indicated by the large fluctuations
in RMSD profiles for all negative voltages (Figure 3c and d).
However, the RMSD values are also increased at these negative
voltages from the voltage-free case, the increase being induced

by the lateral shrinkage of DNA due to electrostatic repulsion
between the negatively charged pore surface and DNA
backbone (see also right panel in Figure 2c). In all cases for
negative voltages, the moving standard deviation displays no
significant dependence on voltage strength (Figure 3d), further
indicating that negative voltages cannot effectively stabilize the
DNA.
A quick response to changes in electrode voltage is of

significance in applications where real-time and precise
manipulation of biological molecules is required. To assess
the possibility, we simulated the response of a DNA molecule
to a pulsed voltage of 0.5 V, namely, a voltage turned on and off
repeatedly every 30 ns, as depicted in Figure 4a. Figure 4b and c

show the moving average and standard deviation of the RMSD
of a dsDNA molecule from the initial configuration,
respectively. When the voltage is turned on, the lower
fluctuations in the RMSD profile (Figure 4b), validated by a
lower standard deviation (Figure 4c), indicate the stabilization
of DNA in the nanopore. When the voltage is turned off, the
DNA reverts, as expected, to a configuration with lower
RMSDs, but larger fluctuations. When the positive voltage is
turned on again, the fluctuations are again suppressed. In
addition, it is worth mentioning that the stabilization is
achieved within 1 ns after turning on the voltage, indicating the
ability of a real-time and precise manipulation to DNA motion.
In all the above simulations, a circular pore was considered to

confine DNA and generate the potential landscape for DNA
stabilization. As expected, the dwelling area of the DNA CM
positions inside such a symmetric pore is approximately circular
(Figure 2). In realistic experiments, however, a fabricated pore
hardly turns out to be a perfect cylinder. For instance,
nanopores drilled into solid-state membranes, by focused ion
beams,32 high-energy electron beams,33 or dielectric break-
down,34 adopt cross sections that are irregularly shaped and not
symmetric around the pore center. In this context, one may

Figure 4. Controllable stabilization of DNA by a pulsed voltage of
0.5 V. (a−c) Voltage applied to the electrode (a), calculated RMSD
from the starting configuration (b), and the associated standard
deviation (c) versus simulation time.
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wonder if a pore with a lower spatial symmetry can achieve a
customized control on the DNA conformation. For this
purpose, we consider a teardrop-shaped pore to assess the
influence of the pore geometry on DNA behavior, as shown in
Figure 5a. In Figure 5b and c, we show the electrostatic
potential and electric field for a teardrop-shaped nanopore,
respectively, at a positive electrode voltage of 0.5 V. Potential
and electric field are no longer symmetric in the x-direction, but
rather decay more slowly away from the sharp end (left) than
from the smooth end (right) of the teardrop circumference.
When the obtained potential is applied to the DNA molecule, a
strong DNA localization occurs again, as seen from the
concentrated distribution of CM positions (green dots in
Figure 5d) compared to the voltage-free case (black dots in
Figure 5d). In addition, it is worth noting that the DNA moves
slightly leftward to approach the sharp end under the positive
voltage, mainly due to the relatively higher magnitude and
slower decay of the potential/electric field on the left side of the
pore. At a negative voltage of VC = −0.5 V, the inhibition of
DNA fluctuation and the leftward movement of the DNA
center are insignificant compared to the positive voltage case.
The demonstrated controllable alignment of DNA inside
shaped nanopores is of critical importance in DNA sensing
applications where a high-sensitivity DNA sensing emerges only
when DNA bases are aligned along a specific direction, for
example, perpendicular to the flowing direction of the
transverse current.35

CONCLUSIONS

In summary, we suggest the use of a biased nanopore to quench
DNA conformational fluctuations by combining self-consistent
electrostatic potential calculations and molecular dynamics
simulations. We found that DNA molecules are stabilized by

imposing positive voltages higher than 0.5 V on the nanopore
electrodes. The reduction of DNA fluctuations is attributed to
the electrostatic attraction between the negatively charged
DNA backbone and the positively charged pore surface. No
evident conformational response of DNA occurs at negative
electrode voltages. The use of a teardrop-shaped pore yields
also a teardrop-shaped distribution of DNA positions, which
shrinks significantly and shifts slightly toward the sharp end of
the pore under positive electrode voltages. The present findings
open a simple and efficient route to control motions of
biological molecules inside nanopores to improve the signal-to-
noise ratio, which is highly desirable for nanopore sensing
applications.

METHODS
Our methodological approach outlined here includes calculation of the
electrostatic potential arising from various voltage biases at the
motion-control electrode layer and subsequent classic MD simulations
of DNA fluctuations under the obtained potentials, which were applied
to the DNA molecule via the grid force module of NAMD2.36

Electrostatic Potential Calculations. The electrostatic potential
ϕ inside a nanopore filled with electrolytic solution was obtained by
solving the Poisson−Boltzmann equation in three dimensions:

ϕ∇ ∇· ϵ = − −+ −e c cr r r r[ ( ) ( )] [ ( ) ( )]K Cl (1)

where ϵ(r) is the position-dependent dielectric constant, i.e., ϵ = 78 in
water and ϵ → ∞ at the metal electrode. The right-hand-side charge
term is associated with the distribution of ions in solution (K+ and
Cl−), which are described assuming a Boltzmann equilibrium, namely,
through13

ϕ ϕ= − =+ −c c e k T c c e k Tr r r r( ) exp( ( )/ ), ( ) exp( ( )/ )K 0 B Cl 0 B

(2)

where cK+ and cCl− are the local ion concentrations of K
+ and Cl− and c0

is the molar concentration of the solution, taken to be 0.3 M.

Figure 5. Customized control of DNA alignment through pore geometry shaping. (a) Geometry of the cross section of the teardrop-shaped
nanopore simulated in the present study. (b, c) Electrostatic potential (b) and magnitude of electric field (c) of the teardrop-shaped nanopore
at 0.5 V electrode voltage, in the x,y-plane (top panel) and along a line across the center and the sharp end of the pore (bottom panel). The
nanopore center is defined as x,y = 0,0 and depicted as a star. (d) Scatter diagram showing center of mass positions of DNA in MD
simulations at electrode voltages of 0, 0.5, and −0.5 V.

ACS Nano Article

DOI: 10.1021/acsnano.6b00226
ACS Nano 2016, 10, 4482−4488

4486

http://dx.doi.org/10.1021/acsnano.6b00226


The system was discretized within a Cartesian box onto a
nonuniform, rectilinear grid. Neumann boundary conditions were
imposed on the sides of the box,

ϕ ϕ∂
∂

| = ∂
∂

| ==± =±x y
0x L y L/2 /2x y (3)

while the top and bottom of the box were subjected to Dirichlet
boundary conditions:

ϕ ϕ= ± = ±z L( /2)z (4)

where Lx, Ly, and Lz represent the dimensions of the box in x, y, and z
directions, respectively. All electrode points were also subjected to
Dirichlet conditions, with the potential ϕ set to the given bias voltage.
Equation 1 can be solved self-consistently using a number of

methods. In the present study, we adopted a Newton-Multigrid37−39

method that discretizes the system onto a 129 × 129 × 129 point
uniform grid. Starting from the finest grid, Jacobi relaxation was
performed to obtain an initial guess for the solution ϕ. Then, the
solution was interpolated and relaxed on subsequently coarser grids to
smooth out high-frequency errors. Finally, the error to the solution
was relaxed and interpolated on finer grids until the original, fine-grid
solution was corrected. Once the solution ϕ was obtained, it was
reinserted back into the Poisson−Boltzmann equation, and this
process was repeated until the desired convergence was reached. A full
description of the exact procedure followed has been provided
earlier.37−39

Molecular Dynamics Simulations. A dsDNA helix containing 22
base-pairs of dA-dT was constructed by the X3DNA program.40 For
the sake of simplicity, we placed the DNA strand, subjected to
mathematical boundaries representing the confinement of DNA in a
cylindrical or tear-drop shaped nanopore, in a water box. Inclusion of a
real material as the motion-control layer, such as copper or gold,
would alter the stabilization behavior demonstrated here; in some
cases, the stabilization effect may be promoted due to the strong
intrinsic interaction between the pore and DNA molecule.
K+ and Cl− ions were randomly added to the water box to make the

system charge neutral and achieve an ion concentration of 0.3 M. All
simulations were carried out with NAMD 2.936 and visualized and
analyzed with VMD.41 A Langevin thermostat was adopted to
maintain a constant temperature of 300 K. Periodic boundary
conditions were imposed in all directions, and, thereby, an infinitely
long nanopore was obtained in the z-direction. DNA was described
with the CHARMM2742 force field, and water was modeled by the
TIP3P43 water model. A time step of 2 fs was used in all simulations.
The particle-mesh-Ewald method44 was employed to treat the long-
range electrostatic interactions. Van der Waals energies were calculated
using a cutoff of 12 Å. After a 5000-step energy minimization, the
system was initially equilibrated for 2 ns as an NPT ensemble, in which
the Langevin piston method45 was used to control the pressure at 1
atm. The calculated potential through eq 1 was then applied to the
DNA only in the MD simulations, as the redistribution of ions and
water by the potential has already been taken into account in the
Poisson−Boltzmann solution of eq 1. At a given voltage, each
simulation was run for 70 ns as an NVT ensemble for data analysis.
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