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Capacitive DNA Detection Driven by Electronic Charge Fluctuations in a Graphene Nanopore
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The advent of parallelized automated methods for rapid whole-genome analysis has led to an
exponential drop in costs, thus greatly accelerating biomedical research and discovery. Third-generation
sequencing techniques, which would utilize the characteristic electrical conductance of the four different
nucleotides, could facilitate longer base read lengths and an even lower price per genome. In this work, we
propose and apply a quantum-classical hybrid methodology to quantitatively determine the influence of the
solvent on the dynamics of DNA and the resulting electron transport properties of a prototypic sequencing
device utilizing a graphene nanopore through which the nucleic-acid chain is threaded. Our results show
that charge fluctuations in the nucleotides are responsible for characteristic conductance modulations in this
system, which can be regarded as a field-effect transistor tuned by the dynamic aqueous environment.
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I. INTRODUCTION

Nucleotides form the building blocks of DNA. The
information encoded by their ordered arrangement in the
nucleic-acid chain provides the set of instructions for all
processes occurring in any living being on this planet.
Thus, determination of the whole genome sequence is the
key to a fundamental understanding of a wide range of
biologically relevant issues, ranging from evolutionary
developments to finding genetic predispositions for
hereditary pathologies [1]. Although we have witnessed
a dramatic decrease in the cost of genome sequencing over
the past five years [2], this price development has recently
shown signs of asymptotic convergence (to a value slightly
above USD $1,000 per genome [3]), mainly due to the
expenses of chemical reagents required in the process.
Thus, whole genome sequencing still remains too costly for
widespread routine application in health care, delaying the
onset of personalized or precision medicine [4].

An alternative approach for DNA sequencing, that holds
the potential to be several orders of magnitude less
expensive, is the possibility of using nanosized pores in
biological [5—8] or solid-state [9—14] membranes as a sieve
for DNA strands to pass through. During this translocation
process one aims at identifying the different nucleotides
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momentaneously residing within the pore. If the four base
types (adenine, guanine, cytosine, and thymine) could be
differentiated through a physical mechanism, then this
approach would allow for rapid whole genome sequencing
without the usual requirements of DNA amplification or
labeling. The discrimination could be accomplished through
avariety of techniques, for example, by measuring the subtle
changes in ionic current through the pore due to character-
istic blockage by the different bases [8,15,16]. Alternatively,
it has been theoretically proposed [17] and later experi-
mentally demonstrated [18-20] that one could differentiate
between each nucleobase by measuring the transverse
tunneling current across DNA in the pore. The fundamental
idea here centers on the fact that each nucleotide has a
different electronic structure and, more importantly, couples
differently to the electrodes [21], which characteristically
affects the electronic transport properties. Different signa-
tures in the conductance of each base could thus provide the
means for sequencing DNA [17,21,22].

Within the solid-state nanopore family, one material has
recently gained considerable attention: graphene [23], an
atomically thin membrane, which possesses a number of
intriguing electrical and mechanical properties [24,25], in
particular high conductivity. The almost negligible thick-
ness of graphene holds the best chances for the desired
single-base resolution in electrical DNA sequencing, for
example, in a nanofabricated gap by monitoring the current
flowing between the sharp edges of two semi-infinite
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sheets of graphene acting as transverse electrodes [26].
Experimentally, it was shown shortly after this proposal that
it is indeed possible to drive DNA through a nanopore in
graphene and detect its presence via changes in ionic current
[27-29]. Very recently, it was experimentally achieved to
detect the translocation of double-stranded DNA through a
nanopore in a graphene nanoribbon simultaneously by the
usual drops in the ionic current and also either peaks or dips
in the transverse electric current passing through the
graphene nanoribbon around the nanopore [30].

There have been a number of theoretical investigations
on nanopores in graphene for the application of DNA
sequencing [31-36]. Many of these studies have focused on
the use of a graphene nanoribbon, where the edge states
play a major role in the transport. Most importantly, a
proper theoretical description has to take into consideration
both dynamical and environmental effects [37] from the
water molecules and the counterions. Although a few
of these issues have been addressed in the past, mostly
either model Hamiltonians or very specific configurations
were used.

A number of important questions are thus left open. In
particular, it remains unclear whether or not it is possible to
differentiate between the four different nucleotides in the
simplest-possible graphene nanopore configuration using
transverse conductance measurements. In order to answer
these questions, we present here a systematic study of the
electronic transport properties of a single-stranded DNA
molecule within a graphene nanopore in an arrangement
similar to the experimental setup of Traversi et al. [30]. A
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FIG. 1.

combination of density-functional theory coupled to hybrid
classical methods is utilized by us to take into consideration
the effects of the solvent [38,39] together with a Green’s-
function formalism to calculate the electronic transport. We
find that, with a simple and robust arrangement, it is
possible to discern between two families of nucleotides. We
also find a different mechanism for conductance changes
which are associated with a capacitive effect due to induced
charge fluctuations at the edges of the nanopore induced by
the presence of the different nucleotides.

II. METHODOLOGY

The system studied by us comprises a square-shaped
graphene sheet of dimensions 4 nm x 4 nm containing a
nanopore. This system is created by selectively removing
carbon atoms to form a hexagonal-shaped orifice, approx-
imately 1.3 nm wide, enclosed by zigzag edges [Fig. 1(a)].
The size of the nanopore is chosen as a compromise
between experimental fabrication feasibility [27,28] and
consideration for the computational expenses of the sim-
ulations. Dangling bonds, created by the removal of carbon
atoms, are saturated with hydrogen atoms. This atomistic
graphene nanopore model is then completely immersed
in water with counterions present. We simulated both
the empty pore as well as the case when a four-base-long
single-stranded DNA (ssDNA) molecule is present,
threaded through the nanopore, containing all four nucleo-
tides occurring in DNA [Fig. 1(b)]. Each nucleotide
possesses one negative charge localized in its phos-
phate group.

(a) The schematic representation of the 1.3-nm-wide graphene nanopore model used in our simulations is shown. The transport

occurs along the z direction. (b) The four nucleobases A, C, T, and G occurring in DNA are shown. Carbon atoms are shown in green,
nitrogen in blue, oxygen in red, and hydrogen in white. R indicates the not-shown sugar-phosphate part that completes the nucleotide.
(c) Typical snapshots from the molecular-dynamics simulations for each of the four nucleobase types located within the graphene
nanopore are shown. For clarity, water molecules and counterions are removed from the image.

034003-2



CAPACITIVE DNA DETECTION DRIVEN BY ELECTRONIC ...

PHYS. REV. APPLIED 3, 034003 (2015)

For our simulations, first, we sample the possible
configurations of the DNA molecule and the solvent for
each nucleobase type residing in the graphene nanopore
using classical molecular-dynamics (MD) simulations. The
system comprises a 35 A x40 A x40 A box containing
4400 water molecules and 0.2M Na and Cl counterion
concentration. An imbalance of four extra Na® ions is
introduced to compensate for the four negative charges
from the phosphate groups of the ssDNA molecule, thus
keeping the entire system neutral. The standard all-atom
version of the AMBER99SB [40] empirical force field was
used in the GROMACS [41] package to describe the
interatomic potentials. We used the single-point-charge
water model [42,43] and parameters for benzene to model
graphene, with partial charges only in the hydrogen atoms
terminating the nanopore edges and their neighboring
carbon atoms.

We deliberately decided not to simulate here any actual
translocation process of DNA through the pore, since any
reasonably achievable simulation time is far from sufficient
to approach a realistic speed of DNA during experiment.
Rather, our aim is to sample over the fluctuations of a given
nucleotide in the pore during the simulation time to
maximize the statistical data obtained. As an initial
configuration, each base is placed in the pore and a
thermalization procedure is performed for 100 ps at
300 K using an NVT ensemble. We then equilibrate the
water density for a further 200 ps using an NPT ensemble at
300 K and 1 bar with a Nose-Hoover thermostat and
Parrinello-Rahman barostat. In both cases, we restrict the
movement of the nucleotide inside the pore by preventing it
from moving outside the pore, but allowing free movement
within the plane of the graphene sheet. Finally, in the
production stage, a 300-K NVT 3000-ps MD simulation is
performed in which all the atoms are free to move. At this
stage we allow the base to move, but apply a harmonic
potential which prevents the base from adhering to
graphene, as experimental results show that this effect
clogs the nanopore [44].

From the resulting trajectories, 90 snapshots are ran-
domly extracted from each passing nucleotide, spaced in
time by approximately 100 ps (i.e., 100000 1-fs time
steps), which is enough to obtain uncorrelated snapshots for
the “wobbling” effect of the base within the pore [45]. This
procedure is repeated for three different initial configura-
tions for each nucleobase in order to sample as much of the
configuration space as possible. Typical snapshots obtained
in our simulation are shown in Fig. 1(c), and all the sampled
configurations are shown in Fig. S3 of the Supplemental
Material [46].

To determine the electronic structure of the system
under the external perturbation of the environment, the
whole system is partitioned into a quantum-mechanical
(QM) system, comprising the graphene sheet containing
the nanopore and the passing nucleotide (between

645-648 atoms, depending on the nucleobase) and a
molecular-mechanics (MM) system which includes all
the water molecules, the counterions, and the nucleotides
which are not, at a given instance, inside the pore [47,48].
This particular partitioning is tested considering one layer
of water around each nucleobase treated quantum mechan-
ically. The electronic transport properties, especially at the
Fermi level, are essentially unchanged. The MM param-
eters from the AMBER99SB force field are again used [40].
The QM system is treated by first-principles calculations
based on density-functional theory [49,50], using the
generalized-gradient approximation for the exchange and
correlation potential in its Perdew-Burke-Ernzerhof form
[51]. Core electrons are replaced by norm-conserving
pseudopotentials. The Kohn-Sham wave functions for
the valence electrons are expanded in double-{-polarized
basis sets for the nucleotide atoms and a double-{ basis set
for the graphene membrane. The calculations are carried
out using the SIESTA code [52] with Brillouin zone
sampling carried out only at the I' point due to the size
of the system. The MM potential is included as an external
potential acting on the Kohn-Sham Hamiltonian. The
atomic arrangement of a representative structure used in
the QM calculations is shown in Fig. S2 where the
electrostatic potential coming from the MM part is also
shown [46].

Finally, once the Hamiltonian for each snapshot is
obtained, we calculate the zero-bias transmission coeffi-
cients [53-55] using the nonequilibrium Green’s functions
[56] as implemented in the SMEAGOL package [57,58]. The
graphene sheet is attached to electrodes both to the left and
to the right. In this work the electrodes are taken as pristine
semi-infinite graphene. This setup represents an infinite
graphene sheet containing the pore, an open system across
which electrons will flow along the z direction (see Fig. 1).
The building block of the semi-infinite electrode consists of
a strip of 108 carbon atoms from the left and right sides of
the graphene sheet containing the nanopore. Further details
about our computational methods can be found in the
Supplemental Material [46].

III. RESULTS AND DISCUSSION

Figure 2(a) illustrates how much the conductance of the
graphene nanopore changes when the dynamical environ-
ment of water and counterions is introduced into the system
(but no DNA molecule yet). Specifically, we plot here the
average difference in conductance between the pore with
water molecules and counterions present and the empty
(dry) pore. We note that, on the one hand, there are
significant changes to the conductance for a wide range
of energies, while on the other hand, at the Fermi level and
for energies slightly below it, the average change and the
standard deviation both tend to zero. In Fig. 2(b), we show
the average total conductance of the pore with the four
different nucleotides present (including solvent effects) and
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FIG. 2. (a) The black curve shows the average difference in
conductance as a function of energy between the empty (dry) pore
and the molecular-dynamics simulation of the pore containing
water and counterions. The yellow area enveloping the black
curve corresponds to £ one standard deviation from the mean.
(b) Colored curves show the average conductance as a function of
energy for each of the four DNA nucleotides when located in the
pore with water and counterions present. The black dashed line
shows the conductance of the empty (dry) pore as a reference.
(c) The average difference in conductance is shown between the
empty (dry) pore and the molecular-dynamics simulations of the
four different nucleotides including the solvent and counterions.

compare it to the conductance of the empty (dry) pore as a
reference. One notices that the curves for each of the DNA
nucleobases are rather similar. This similarity is also
observable in Fig. 2(c) where the average difference in
conductance relative to the empty (dry) pore is plotted for
the four different nucleotides.

It can be clearly seen that the presence of DNA affects
conductance strongly. Overall, a shift can be observed, with
prominent features of the conductance curve for the empty
pore being shifted towards higher energies when DNA is
present [Fig. 2(b)]. This shift is also observed when only
solvent molecules are present, albeit to a smaller degree.
Furthermore, relatively sharp features present in the curve
for the empty pore, such as peaks near +0.5 eV and
+1 eV, are suppressed when DNA is introduced to the
pore [Fig. 2(b)]. These resonances can be associated with
localized states similar to those expected to be present on
the edges of graphene nanoribbons [59]. The more drastic
changes can be seen most clearly in Fig. 2(c). Here, the
suppression of peaks can be recognized as sharp peaks,
while smoother shapes result for the shifts in areas where
the conductance is relatively slowly changing as a function

of energy. This shift is mostly due to the fact that the
nucleotides tend to become negatively charged. It thus
creates an electric field which acts as a local gate on the
graphene nanopore.

The difference in average conductance between the four
DNA nucleotides is seen, from both panels (b) and (c) in
Fig. 2, toberather similar for mostenergies, thus notallowing
one to easily distinguish between the four nucleotides based
on the average value of conductance alone. However, the
actual statistical distribution of conductance values does
show some characteristic differences, in particular between
the group of purine nucleobases guanine and adenine, and the
pyrimidine nucleobases cytosine and thymine. Figure 3
shows the distribution of values of conductance change as
afunction of energy for each of the nucleotides. Albeit some
differences can be observed, they are all qualitatively similar.
When one focuses on the Fermi level, however, the
differences become more noticeable.

In Fig. 4(a), therefore, we plot the conductance histo-
gram for each of the four nucleotides at the Fermi energy
Er. Although small, clearly apparent differences are dis-
cernible between the two families of nucleobases, namely
the purines (A and G) and the pyrimidines (C and T). The
ratio between the peaks of the distributions of adenine and
thymine, for example, is approximately 1.5, whereas for
adenine and guanine, and thymine and cytosine, the
difference is approximately 5% and 12%, respectively.
However, the dynamical effects lead to a large broadening
of the distributions, resulting in significant overlaps.

E—Ep (eV E—Ep (eV
L5 F(eV) s F(eV) o
25%
= =
2 <
S Q
< <
1575210 —05 00 05 10

= =
°) S
< -0. <

-10 0

_]'—SI.S -10 -05 00 05 10 15

E—Er (eV)

1375210 05 00 05 10 15

E—Er (eV)

FIG. 3. Shown are the energy-resolved conductance distribu-
tions for the four different nucleotides in the graphene nanopore.
Blue curves show the individual average conductance [super-
imposed plot in Fig. 2(c)], while the enveloping shaded areas
(with the color gradient ranging from black over violet, orange,
yellow, to white) indicates the percentage with which deviations
from the average occur in the conductance at different energies
for the four nucleotides.
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FIG. 4. (a) Distribution of the difference in conductance at the
Fermi level from the empty (dry) pore case for the four different
nucleotides in the graphene nanopore, presented as histogram
bars and fitted distribution curves (this plot is thus a combined
cross section of the data in Fig. 3 at E = Er). (b) Charge
distribution in the nucleotides presented as histogram bars and
fitted distribution curves.

Our findings do, however, enable us to highlight a
different sensing mechanism for detecting DNA nucleo-
tides in a graphene nanopore. In most works, tunneling
across a gap has been considered. From our calculations it
is clear that the nucleotides tend to be negatively charged.
The charge carried by a nucleotide creates an electric field
that changes the local chemical potential around the pore in
a way similar to the working mechanism of a field-effect
transistor. As we allow the molecule to move freely inside
the pore, there are small charge fluctuations due to the
interaction with the graphene sheet, which in turn influence
the conduction. This behavior is evidenced by the histo-
gram of the net charge on each of the nucleotides, presented
in Fig. 4(b). We can clearly see a one-to-one correspon-
dence between the distributions of fluctuating charges and
the changes in conductance plotted in Fig. 4(a). The
purines, comprising two aromatic rings, are seen to exhibit
stronger interaction with the graphene sheet than the
smaller pyrimidines with their single aromatic ring.
Water here plays an important role, not only in the
dynamics of the system, but also for stabilizing the net
charge on each nucleobase, as it has been observed in a
number of biological systems [60].

IV. CONCLUSIONS

In the present work, we utilize an electronic transport
QM-MM approach to evaluate the feasibility of graphene
nanopores as an all-electrical sequencing device for DNA,

taking into account the structural fluctuations of the nucleo-
tides and the combined noise due to the rapidly altering
electrostatic potentials of the solvent, the counterions, and
the DNA molecule itself. The developed method consid-
erably reduces the computational effort and at the same time
captures the essential effects of the environment. The results
show that the conductance difference between the nucleo-
tides is considerably affected by the dynamics of the
nucleobases within the pore. We also note that water is of
fundamental importance in stabilizing the charged system.

We show that the fluctuations of the charge in a given
nucleotide lead to an analogous distribution in the con-
ductance change of the graphene nanopore system induced
by the same nucleotide. In essence, the charging of the base
leads to an effective electric field in the graphene sheet
which influences the conductance. This effect could not be
captured by model Hamiltonians, which are not self-
consistently calculated for each configuration. The result-
ing capacitive transport mechanism can help explain
experimental results for pores which are significantly larger
than the nucleotides and would thus be extremely difficult
to assess electronically through tunneling conductance.

Our findings lead us to conclude that all four nucleobase
types will show similar conductances and that it would be
hard to electrically distinguish between them in a graphene
nanopore setup. Nonetheless, some degree of differentia-
tion between the nucleobases appears to be possible. It is
also important to note that the conducting pathways around
the graphene nanopore yield larger transmission coeffi-
cients compared to those based on a tunneling current alone
(e.g., in a nanogap). This effect could help to overcome the
problem of noise in such devices. Finally, given the results
of this work, functionalization of the atoms in the pore edge
could significantly enhance nucleobase-pore interaction,
thus reducing the structural noise by enhancing the
graphene-nucleobase electronic coupling [32,61]. At the
same time, functionalization could be tailored to achieve
base-specific charge transfer. Hydroxide and amine groups
are good candidates for functionalization. Hydroxide is
expected to interact strongly with the nucleobases [62], due
to the variety of possible interactions (it has a positive and a
negative center of charge, plus the possibility for hydrogen
bonding). Nitrogen (in the amine form) would also be a
good candidate [34], with two centers of negative charge
and one center of positive charge, and they both resemble
the groups already present in complementary nucleobases
in double-stranded DNA. In view of these results, it seems
that, although the sources of noise remain, engineering
functionalized graphene nanopores might still yield better
strategies for the development of electrical DNA sequenc-
ing devices.
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