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ABSTRACT We report an ab initio density functional theory study of the interaction of four nucleobases, cytosine, thymine, adenine,
and guanine, with a novel graphene nanopore device for detecting the base sequence of a single-stranded nucleic acid (ssDNA or
RNA). The nucleobases were inserted into a pore in a graphene nanoribbon, and the electrical current and conductance spectra were
calculated as functions of voltage applied across the nanoribbon. The conductance spectra and charge densities were analyzed in the
presence of each nucleobase in the graphene nanopore. The results indicate that due to significant differences in the conductance
spectra the proposed device has adequate sensitivity to discriminate between different nucleotides. Moreover, we show that the
nucleotide conductance spectrum is affected little by its orientation inside the graphene nanopore. The proposed technique may be
extremely useful for real applications in developing ultrafast, low-cost DNA sequencing methods.
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Recent advances in the biomedical industry and re-
search have stimulated an increasing demand to
develop fast and inexpensive methods for DNA

analysis. Devices with nanometer-sized pores have become
the subject of intense study as they continue to open up new
avenues for DNA sequencing. Nanopore-based sequencing
methods were first proposed by Kasianowicz et al.1 more
than a decade ago with the use of R-hemolysin protein pores
inserted into a lipid membrane. Since then, numerous
studies have been reported using protein nanopores. Focus
has recently shifted to solid-state nanopores. They have
emerged as promising sensors that are mechanically robust,
integrate well with electronics, can be fabricated rapidly, and
allow nanopore diameter and surface properties to be
fine-tuned.2-5 The ionic-current blockade method has been
extended to materials such as SiO2, Al2O3, and Si3N4.6-9

In a typical experiment, individual ssDNA or RNA mol-
ecules are electrophoretically driven through a pore and the
resulting ionic-current blockade is measured.2,10-15 Because
of differences in the size of nucleotides and their interaction
with the pore, the ionic-current is anticipated to vary when
each nucleotide is driven through. However, a number of
challenges have been recognized, which need to be ad-
dressed before nanopores can be utilized to sequence DNA.
These challenges include finite thickness of the translocation
zone, fast speed of DNA translocation, and low bandwidth
in recording of the ionic-current.16 Several new methods
based on nanopores have recently been proposed to se-
quence ssDNAs at high speed.17-19 One of the most inter-

esting methods is based on the measurement of the tunnel-
ing-current through a pair of nanoelectrodes placed at the
nanopore opening.20-24 In this type of experiment the
tunneling-current could be extremely sensitive to the orien-
tation of the nucleotides in the nanopore.

In this letter we explore a device based on the idea of
measuring the electrical current perpendicular to the DNA
backbone resulting from the translocation of ssDNA in
solution through a solid-state nanopore. We propose a novel
device containing a graphene nanopore (GNP) created from
a single-layered graphene nanoribbon (GNR) embedded in
SiO2, as depicted in Figure 1. We envision that each of the
DNA bases will produce a unique current that can be
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FIGURE 1. Proposed nanopore sensor consists of a graphene nan-
opore embedded in SiO2 (not pictured). Single-stranded DNA trans-
locate through the nanopore. The current flow is perpendicular to
the DNA backbone.
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measured as it passes through the pore. Creating such a
device is now possible by the established methods of
graphene fabrication.25-28 Ab initio density-functional theory
(DFT) was used to calculate electrical current and conduc-
tance through the proposed device and to predict its feasibil-
ity. The following two requirements for device performance
must be met: (1) there must be a sufficient difference in the
conductance spectra G(V) of individual nucleobases to allow
them to be distinguished from one another, and (2) the
measured conductance for a single nucleobase must be
independent of its orientation as it passes through the pore.
Otherwise, the noise introduced by the orientation depen-
dence of the signal can present a serious problem. The
second requirement has been largely overlooked in previous
studies. The results will show that our GNP device meets
both of these requirements.

Electronic structure calculations were used to determine
the transverse electrical current for nine model systems with
optimized geometry (Figure 2); starting with a semiconduct-
ing ideal GNR29-33 (iGNR), we first created a pore in the
center of the ribbon (GNP) and then inserted cytosine into
the pore (cGNP). The effect of molecule orientation was then
investigated by rotating the cytosine by 90° along the axis
perpendicular to the ribbon, rotated cGNP (rcGNP), by 90°
into the ribbon plane, planar cGNP (pcGNP), and by 90° into
the ribbon plane, tilted cGNP (tcGNP). The ability of the
proposed device to detect the molecular identity was inves-
tigated by replacing cytosine with adenine (aGNP), guanine
(gGNP), and thymine (tGNP). The detection of sugar and
phosphate groups forming a DNA chain was studied as well;
see Supporting Information. The Supporting Information
also investigates the effect of the nearest-neighbor interac-
tions in the DNA chain on the conductance spectra. The
calculations were preformed with the Vienna Ab Initio
Simulations Package34,35 using the generalized gradient
approximation of Perdew, Burke, and Ernzerhof36 and the
projector augmented-wave method.37 All of the ribbons were
constructed with hydrogen-terminated armchair edges and
have a width of 3.3 nm in the y-direction while being
continuous in the x-direction. Current flow occurs in the
x-direction while DNA translocation is along the z-direction.
Periodic boundary conditions were implemented with suf-
ficient vacuum in the y and z-directions to avoid spurious
ribbon-ribbon interactions. The nanopore measures 1.45
nm in diameter and is composed of both armchair and
zigzag edges terminated with hydrogen.38 The nucleobases
were constructed with a methyl group at the cut bond to the
backbone in place of the more traditional hydrogen. This
was done to create an electronic and steric environment
more similar to DNA. Ions and solvating water molecules
were not included in our idealized simulations. Minimum
energy structures were obtained for the iGNR and GNP by
relaxing the ribbon geometry and simulation cell. We chose
not to further optimize the GNP around the nucleobases
because our test revealed an insignificant difference in the

band structure between initial optimization and subsequent
optimization of the pore. The density of states (DOS) was
then calculated with DFT and was used to compute current
and conductance.

Molecular conductance has been extensively studied, and
its theory is well-known.39,40

We begin our analysis by calculating the transverse
electrical current using the Landauer-Buttiker formula

where T(E) is the transmission probability and f(E) is the
Fermi distribution function. To simplify the calculation we
assign the transmission probability the maximum value of
unity and replace the Fermi distribution function with DOS,
F(E). The former assumption is justified, since the conducting

FIGURE 2. Model systems used for our analysis. Gray, white, blue,
and red spheres represent carbon, hydrogen, nitrogen, and oxygen,
respectively. First row: Starting with an ideal GNR (left) we first
created a 1.45 nm pore in the ribbon (center). Then cytosine was
placed in the pore (right). Second row: Orientation of the nucelobase
was investigated using cytosine. The cytosine molecule was rotated
about the z-axis by 90° (left). Cytosine was then placed in a planar
configuration by rotating 90° about the x-axis (center) followed by
an intermediate tilted configuration achieved by a 45° rotation
about the x-axis (right). Bottom row: The three remaining nucleo-
bases adenine (left), guanine (center), and thymine (right) were then
placed in the pore.

I(E, V) ) e
πp∫-∞

∞
dEf(E)T(E) (1)
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states are delocalized over the whole system, and since the
molecules strongly interact with the GNP. The latter ap-
proximation implies that DOS is weakly dependent on the
state occupations that are changing with applied voltage. The
approximations do not affect the key conclusions of our
proof-of-principle calculations. The current is calculated
numerically from the integrated DOS

The conductance is the derivative of the current

It is inversely related to the resistance through Ohm’s law.
We first considered the change in conductance induced

by forming a nanopore and then inserting a nucleobase into
the pore. Figure 3 compares the conductance for the iGNR,
GNP, and cGNP. The current is also shown, since it is the
property that is directly measured in experimental studies.
The conductance scale is given on the left y-axis, while the
current scale is given on the right y-axis. Note that the top
and bottom panels have different y-axis scales. The conduc-
tance is greater in the iGNR than in the GNP. The charge
density for the conduction channel at -1.15 V is shown in
order to illustrate the origin of the difference in the conduc-
tance of the iGNR and GNP. The iGNR has a uniform
distribution of density covering the entire ribbon. Creating
the pore breaks the ribbon symmetry and generates an
asymmetric density distribution. Some of the carbon atoms
are removed, and the overall electron density decreases. In
comparison, the asymmetry between conductance at the
positive and negative biases41 is reduced by the pore cre-
ation. It has previously been reported that the decrease in
conductance will be directly related to the size of the pore.8

Thus, it would be possible to determine the nanopore
diameter by monitoring the conductance drop.

Insertion of cytosine into the pore induces partial recov-
ery of the previous conductance loss; the conductance of
cGNP is greater than GNP. Since the pore is notably larger
in size than the molecule, and since the carbon dangling
bonds are saturated, as expected in an aqueous environment
or air, the molecule-ribbon interaction is electrostatic in
nature. The molecule enhances GNP conductance by both
providing additional conductance channels and attracting
the charge density into the previously depleted GNP areas.
The two effects are clearly illustrated with the electron
density of cGNP responsible for the conduction channel at
-1.70 V. The density is delocalized over both the molecule
and GNP and covers the entire ribbon, similar to iGNR.

Insertion of the molecule also causes the Fermi energy
to increase. This effect is manifested as the slight shift in the
conductance spectra. The Fermi energy shift offers another
possible method of detection, as the change in the Fermi
energy will be unique for each nucleobase.

Our next consideration was strand orientation. The cal-
culations show that unlike tunneling-current devices,20-23

the proposed GNP device is essentially insensitive to strand
orientation. The top panel of Figure 4 compares the con-
ductance for the cGNP and rcGNP, while the bottom panel
shows the conductance for the pcGNP and tcGNP, see Figure
2 for a better view of the geometries of these four cytosine
orientations. To determine whether the conductance is
subject to the orientation of the DNA strand as it enters the
nanopore, we rotated the cytosine by 90° perpendicular to

I(E, V) ) e
πp∫0

E
dE′F(E - E′) (2)

G(V) ) ∂I(V)
∂V

(3)

FIGURE 3. The effect of creating the nanopore and inserting a
molecule is shown. The conductance (left axis) and current (right
axis) are plotted for iGNR and GNP (top). The charge densities
corresponding to the conduction channel at -1.15 V are shown for
(A) iGNR and (B) GNP. Initial formation of the nanopore causes the
current and conductance to drop, and the charge density transforms
from an even to an asymmetric distribution. (bottom) GNP and
cGNP. The charge densities corresponding to the conduction channel
at -1.70 V are shown for (C) GNP and (D) cGNP. Insertion of the
nucleobase cytosine into the pore causes the current and conduc-
tance to rise through an electrostatic molecule-ribbon interaction.
Charge density is located on both the molecule and the surrounding
ribbon.
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the ribbon plane and into the ribbon plane. We also tilted
the cytosine into the plane by 45°. The rotations leave the
current and conductance spectra virtually unchanged and
the charge density is also unaffected. The minor changes in
the conductance spectra seen upon cytosine rotation are
much less significant than the changes observed with nan-
opore creation and insertion of different nucleotides.

Our final consideration was the sensitivity of the pro-
posed device to nucleotide type. Figure 5 presents the
conductance spectra of all four nucleotides, while the Sup-
porting Information shows the spectra of sugar and phos-
phate. The currents and conductances of the nanopores
containing each of the four nucleotides and phosphate group
are clearly distinct from each other and from those of the
bare nanopore. Compared to the bare nanopore, there are
no new peaks associated with the sugar within the consid-
ered voltage range. Generally, the purines gGNP and aGNP

exhibit more conduction channels than the pyrimidines
cGNP and tGNP, since the former are bigger molecules than
the latter, and therefore, they contain a larger number of
molecular orbitals within the relevant energy range. We also
considered the effect of adjacent nucleotides and phosphate
groups on the conduction of the nanopore containing cy-
tosine; see Supporting Information. The calculations showed
that neutral nucleotides and phosphate placed several ang-
stroms away from the nanopore, as expected in a DNA chain
passing through the pore, have little effect on the conduc-
tance spectra. The spectra do shift in the presence of charged
phosphates; however, the overall spectral shapes change
little, indicating that individual nucleotides can be efficiently
detected by the proposed device regardless of nearby charges.

The GNP device has the potential to offer great improve-
ments in sensitivity over ionic-current and tunneling-current
devices. Current and conductance measurements in the

FIGURE 4. The effect of nucleobase orientation is shown. The
conductance (left axis) and current (right axis) are plotted for cGNP
and rotated cGNP (top), and for planar cGNP and tilted cGNP
(bottom). The charge densities corresponding to the conduction
channel at -1.10 V are shown for (A) cGNP, (B) rotated cGNP, (C)
planar cGNP, and (D) tilted cGNP. Rotation of the cytosine molecule
by 90 and 45° results in a relatively small change in the conductance
and current of the ribbon with the largest deviation occurring for
the planar configuration. Charge density remains evenly distributed
on the ribbon before and after each rotation.

FIGURE 5. The four nucleobases are compared. The conductance
(left axis) and current (right axis) are plotted for the pyrimidines
cGNP and tGNP (top) and the purines gGNP and aGNP (bottom). The
charge densities corresponding to the unique conduction channels
are shown for (A) cGNP at -1.70 V, (B) tGNP at 1.48 V, (C) gGNP at
0.30 V, and (D) aGNP at -0.55 V. In each case, the charge density is
located on both the molecule and the surrounding ribbon. The
contribution from the molecule gives rise to a unique conduction
channel that allows the nucleobases to be distinguished from one
another.

© 2010 American Chemical Society 3240 DOI: 10.1021/nl9035934 | Nano Lett. 2010, 10, 3237-–3242



proposed GNP device are on the order of mA, since the
device presents a single continuous nanowire. Its counter-
parts report current measurements on the order of µA, nA,
and pA.2,6-24 It is likely that the mA currents calculated for
the present device are an overestimation, due to the ideal-
istic setup which excludes various sources of dissipation,
such as charge scattering42 and electron-phonon inter-
actions35,40,43-45 Further, DFT can underestimate the nan-
opore band gap, and hence, overestimate the calculated
current. Nevertheless, the band structure and relative current
associated with nucleobases should change little.46 Since
GNR energy gaps decrease with increasing ribbon width,29,30

wider GNRs have higher DOS and decrease device sensitivity
to molecular energy levels.

Strong currents in the proposed device are favored by the
fact that there remain continuous conduction channels
through the ribbon itself, which is not completely broken in
contrast to the conducting wires in the other devices.20-24

In addition, the sizes of the molecule and the pore are of the
same order, such that the molecule strongly interacts with the
pore. The currents measured for the proposed device should
be significantly higher than the ionic currents.2,6-15 This is
because the electrons in the graphene device move signifi-
cantly faster than ions, both due to a smaller mass-to-charge
ratio and a large charge scattering length. Clean nanotubes
can exhibit ballistic conduction up to the micrometer scale,45

while ionic scattering lengths are on the order of the
intermolecular distance in liquids, that is, few angstroms.
The presence of the pore and molecule will reduce the
electron scattering length of the graphene ribbon to a few
nanometers. Still, it will be substantially longer for electrons
in the proposed device than for ions in a liquid.

A more realistic picture of the nanopore would have a
mixture of armchair and zigzag edges with partial termina-
tion by hydrogens, oxygens, hydroxyls, and other species.
With the limits of modern technology, it is impossible to
ensure a symmetric and fully terminated nanopore edge,
making actual current measurements different than pre-
dicted. The actual system will involve a substrate, a solvent,
and DNA counterions.47 Nucleotides, phosphates, and sugars
will be adjacent to the main nucleotide and may affect the
conductance spectra. The calculation results presented
in the Supporting Information address some of these issues.
The above factors will introduce noise into the current
measurements. The magnitude of the signal-to-noise ratio
can be estimated by considering the effect of the nucleotide
rotation on the signal strength. Figures 4 and 5 show that
the differences in the conduction due to nucleotide rotation,
representing noise, are significantly smaller than the abso-
lute values of the conductance. For the majority of the
conduction peaks the signal-to-noise ratio estimated this way
is greater than one by several orders of magnitude.

Most proposals for conductance-based nucleotide detec-
tion rely on tunneling currents that are mediated by the
energy levels introduced by the nucleotide within a gap in a

nanowire.20-24 Our proposed device includes this detection
mechanism, which shows particularly fine spatial resolution
and little dependence on nucleotide rotation. Further, our
device allows for an alternative detection mechanism. Con-
ductance through the nanoribbon itself is modulated by
electrostatic interaction of the nucleotide with the ribbon.
This sensitivity is unique to our device due to its small size
and the single-layer thickness. The two complementary
detection mechanisms provide an additional advantage to
the proposed device.

In summary, the proposed graphene nanopore device
allows measurement of electrical current in the direction
perpendicular to a translocating DNA and other molecules.
The simulations have shown that the device meets both of
the necessary performance requirements, confirming device
feasibility; it is insensitive to strand orientation, and at the
same time, it provides discrimination that is sufficient for
nucleobase identification. Detection can be achieved by
focusing on either particular regions of the conductance
spectra or the changing Fermi energy. The study suggests
that a graphene nanopore offers a robust and experimentally
realizable technology for use in DNA sequence analysis. It
provides strong motivation for the development of a new
class of nanopore sequencing devices.
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