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Fast DNA sequencing with a graphene-based

nanochannel device

Seung Kyu Min#, Woo Youn Kim™, Yeonchoo Cho and Kwang S. Kim*

Devices in which a single strand of DNA is threaded through a
nanopore could be used to efficiently sequence DNA™®,
However, various issues will have to be resolved to make this
approach practical, including controlling the DNA translocation
rate, suppressing stochastic nucleobase motions, and resolving
the signal overlap between different nucleobases*’. Here, we
demonstrate theoretically the feasibility of DNA sequencing
using a fluidic nanochannel functionalized with a graphene
nanoribbon. This approach involves deciphering the changes
that occur in the conductance of the nanoribbon" as a
result of its interactions with the nucleobases via 77 stack-
ing'23, We show that as a DNA strand passes through the
nanochannel®, the distinct conductance characteristics of the
nanoribbon™-" (calculated using a method based on density
functional theory coupled to non-equilibrium Green function
theory'®2°) allow the different nucleobases to be distinguished
using a data-mining technique and a two-dimensional transient
autocorrelation analysis. This fast and reliable DNA sequencing
device should be experimentally feasible in the near future.

In spite of the significant promise of pioneering work on the
development of rapid and inexpensive DNA sequencing®~, a prac-
tical and reliable method to guarantee single-base resolution has yet
to be devised. The stochastic motion of a single-stranded DNA
(ssDNA) through a nanopore lacks well-defined interactions between
the nanopore and the nucleobases®. Orientational fluctuations of
nucleobases cause overlaps of the current distributions between
different bases’, so it would be advantageous to develop a device
that could hold each base firmly while the base was being interro-
gated. We therefore designed a hybrid device composed of a nanos-
cale fluidic channel functionalized by a graphene nanoribbon
(GNR) that interacts with each nucleobase by means of a 77— inter-
action (Fig. 1). The GNR forms a bridge across a nanochannel'
between opposing tip electrodes (in the same way in which a nano-
lens can be attached to a near-field scanning optical microscope
tip?!). The nanochannel provides a pathway along which an
ssDNA can be driven by an external field, and the graphene controls
the orientational fluctuation of individual bases by stacking them on
its surface by means of the dispersion force between 7r-systems. The
ar—1r interaction is sufficiently strong to sustain the stacking struc-
tures for current measurements, while being weak enough to
allow the ssDNA to be translocated by an external force.

Here, we use a narrow GNR' that can be synthesized using a
recently developed bottom-up approach. As a DNA passes through
a nanochannel, each nucleobase interacts with the GNR via 7
stacking. The ballistic conductance of the GNR diminishes at
specific energies corresponding to the characteristic 77-molecular
orbitals (MO) via the Fano resonance®’, which enables different
bases to be distinguished. The conductance of graphene is highly
sensitive to a small change on its surface due to its unrivalled

high surface-to-volume ratio®. Indeed, such sensitivity allows the
measurement of Hall conductance in graphene even at room temp-
erature?®. In contrast to narrow GNRs, carbon nanotubes? show
more conductance channels as well as double to multiple stacking,
which significantly reduces the characteristic perturbations of the
electric current towards the noise level. This means that GNRs are
superior to carbon nanotubes (see Supplementary Information).
To verify our design hypothesis, we performed comprehensive
state-of-the-art transport simulations'®!’. The trajectory of molecu-
lar structures for the transport calculations was obtained using
molecular dynamics (MD) simulations at room temperature
(the NAMD package?) for a ssDNA composed of eight bases
(5'-GCATCGCT-3') located with solvents and counterions in a
nanochannel. The nanochannel was composed of silicon nitrate!?,
and was equipped with a narrow GNR with a width of ~1 nm
(Supplementary Movie)'>. The ssDNA was dragged with a force of
30 kcal mol ' A™" (~0.25nN per base) to mimic an applied
strong electric field. This strong force was chosen simply for the
sake of computational efficiency, and provided a favourable
outcome, but could also be reduced substantially (to an

Figure 1| DNA base stacking on a graphene nanodevice during its passage
through a fluidic nanochannel. a, Schematic of a nanochannel device with
an armchair GNR (AGNR) through which a ssDNA passes. The water
molecules and counterions in the nanochannel are not depicted. b,
Instantaneous snapshot from a simulation (d, stacking distance; 6, tilt angle).
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Figure 2 | Electronic and transport properties of a GNR device stacked optimally with DNA bases. a, Transmission curves (in Gy). b, Density of states.
¢d, MOs of a GNR with stacked Cyt at energies (E — E) of —0.9 eV (¢) and —1.4 eV (d). The sharp dip in transmission of Cyt at —1.4 eV occurs due to the

strong Fano resonance between its MO and graphene (d).

experimental value of ~0.25 pN per base!?) to provide an increased
and steadier base-GNR holding time for more reliable measure-
ment. An analysis of structural changes confirmed that each base
formed a stable stacking structure over the entire transit. Such -
stacking is much stronger than the H-7 interactions between
water molecules and graphene, so the stacking structures are not sig-
nificantly influenced by solvent effects. The 7r-stacking energies
(~20 keal mol™")¥ are sufficiently strong to form stable stacked
structures of nucleobases on graphene in water at room temperature.

With regard to ensuring experimental feasibility, we investigated
how to control the sliding motion of the ssDNA on graphene.
Sliding friction is uniform because of the non-local character of
the dispersion force, as can be noted in the extremely smooth
motion observed in carbon nanotubes?®?’. The translational speed
of a DNA strand in a nanochannel can be made steady by using
another wide GNR (in addition to the GNR used to measure the
currents) on which a number of bases are simultaneously stacked
(frictional force is proportional to GNR width®). For practical
experiments, the force used in the computations could be reduced
by three orders of magnitude to an experimental value'®. The fric-
tional force of ssDNA on a large graphene sheet, which can be esti-
mated from the frictional force between two neighbouring shells in a
carbon nanotube®®, offsets a dragging force such as that exerted by
an externally applied electric field. A DNA strand can then slide on a
graphene surface smoothly and steadily with controlled speed. The
negatively charged phosphate groups translocate the whole DNA
against the direction of the electric field, while the counterions sol-
vated in water move along the direction of the field.

To promote the identification of each base, we investigated the
quantum conductance of the graphene-based device using our
Postrans package'. A narrow armchair GNR with a width of
~1 nm and a bandgap calculated to be 1.16 eV was considered.
Figure 2a shows the transmission curves of the nucleobase-GNR
complexes as a function of energy, T(E). The pristine GNR shows
integer transmission values corresponding to the number of con-
duction channels. However, the GNR with a stacked base presents
a transmission curve with sharp drops at the characteristic MO
energies of each base, due to the Fano resonance between the loca-
lized MOs of the nucleobase and the continuum 7-band of the GNR
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(Fig. 2¢,d), as can be noted from the conspicuous peaks in the
density of states for the whole system (Fig. 2b). For example, the
strong resonance between graphene and the Cyt MO at E-
Ep= —1.4 eV (E; is Fermi energy) partially blocks the ballistic con-
ductance of the graphene (Fig. 2d).

In experiments, the transmission function can be replaced by con-
ductance measured at a small bias as a function of gate voltage V,;:

o() =% 100

where h is Planck’s constant and u = Ej; — eV is the chemical poten-
tial adjusted by the gate voltage. Measuring conductance rather than
current allows a clearer distinction of the change in the signal,
because conductance through the GNR device changes by a unit of
quantum conductance G, (=2¢>/h) in its interaction with DNA
bases. For instance, the 50% relative reduction from 2G, to 1G,
and the dip width of ~30 meV in the conductance of this GNR
device (see Supplementary Information) is experimentally measur-
able, being well above the noise level at room temperature. At each
DNA translocation step, the two-dimensional conductance of the
GNR has to be measured for a whole sweep of chemical potential,
which is experimentally controlled via a backgate capacitively
coupled to the GNR. The rate-determining step is then the voltage
sweep. The transit time of each base should be controlled so as to
be longer (~10 ps) than the gate voltage sweeping time (~0.1 s,
~10 MHz); this lies at the limit of present experimental capability.
The transmission function in the energy range of interest is not
affected significantly when the geometries of the bases on the GNR
are changed, or in response to environmental effects (such as back-
bones, water, hydrated phosphate groups and counterions). This is
because the other molecular groups have much larger energy gaps
between the occupied and unoccupied MOs than nucleobases, and
there are cancellation effects due to the similar background environ-
ments and the random motions of the environmental species.

The transmission data in Fig. 3a were obtained using density
functional theory coupled to non-equilibrium Green’s function
(DFT-NEGF) method for the time-evolving series of base-GNR
geometries, from the MD trajectories for the whole sequence of
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Figure 3 | Simulation results of the transport properties of 5'-GCATCGCT-3'.
a, Time-dependent histogram of the transmission peak positions

(red, maximal values; blue, minimal values). The histogram shows features
of Cyt (S¢), Gua (Sg), Ade/Cyt (Sp,c) and Gua/Thy (Sg 1) corresponding
to the band centred around E — E;=E, =18, —0.65, —1.2 and —1.65 eV,
respectively. The height of each box to the right of the histogram represents
the energy range of integration for each S, ... b, Plots of S__..(t) versus time
as an ssDNA passes. The sequence GCATCGCT can be inferred from the
four curves. ¢, Resolving of the sequence by Py,..(t), as a function of
Spase(D). d, Plot of two-dimensional TACF, C(t, t,; 7= 0.025 ns). The black
dotted lines each indicate an instant at which a (subsequent) DNA base
passes out; white dashed lines each indicate an instant at which a
(subsequent) DNA base comes in. e, Final base sequence obtained from
analysis of ¢ and d. Colours and heights are given in relative intensity.

5'-GCATCGCT-3" interacting with the GNR, including all
surrounding water molecules and counterions in the nanochannel.
To identify each base, we manipulated the transmission raw data
using our data-mining technique. In the first step, we introduced
a time-dependent histogram H(E, t; A) to represent the number of

164

transmission drops appearing at a specific energy E within a tiny
time interval A around time #:

t
H(E, t;A) = j D(E, t')dt'

t—A
where D(E, t) is the number of peaks in the energy interval (E, E + &)
at time ¢ (e is the histogram energy interval), and A characterizes the
sampling size of the time data set.

However, the histogram in Fig. 3a, taken alone, is not sufficient to
achieve single base resolution. For automatic sequencing, we devised
a data-mining approach for more simplistic identification (see
Methods). We then plotted the probability function projected
onto each base, P (t)(x= G/T/C/A) (Fig. 3b,c). In this way, each
base is uniquely separated from the others, allowing single base res-
olution in the test sequencing for 5-GCATCGCT-3' (see
Supplementary Information).

Much more reliable sequencing is achieved by clear recognition
of the interaction interval of each individual base with the GNR,
removing the possibility of the introduction of ambiguities if a
series of bases of the same type pass beneath the GNR. To this
end, we have developed a normalized two-dimensional transient
autocorrelation function (TACF) for the given time span:

to+7 00
C(t,tO;T):j dt/j dE JE, )J(E, t + )/

fy

to+7 00
j dr j dE [J(E, )T

)

This gives the autocorrelation of a given event function J(E, t)
between two time intervals of duration 7 separated by time t.
Here, 7is smaller than the passage time of any single base. In the
situation where the transient correlation between different bases is
zero, the two-dimensional TACF shows a distinct triangular
pattern when one base passes out and another base comes into
the interaction region (Fig. 3d; Supplementary Fig. S2). This helps
us determine the passage time of each base. Then, from Fig. 3c,d,
base sequencing is possible (Fig. 3e).

In summary, we have reported an ultrasensitive graphene-
embedded nanochannel device that effectively controls the motion
of nucleobases via - interaction and deciphers the ultrasensitive
characteristic Fano resonance-driven conductance of individual
bases, one by one, in real time. In practice, the resolution of sequen-
cing patterns will be much clearer as the DNA translocation slows
down with a dragging force much weaker than that used in the
calculations. Any further ambiguities can be resolved by either
parallel or repetitive serial measurements, because the ssDNA is
reusable. The experimental implementation of this device would
allow ultrafast and reliable DNA sequencing, which is essential for
collecting wide-ranging data related to differences/similarities
between diverse DNA sequences in the field of bioinformatics.

Methods

The DFT-NEGF transport calculations'®2° based on the local density
approximation and using double-{ plus polarization basis sets were performed in a
fully self-consistent way. These calculations were carried out for all the time-evolving
geometries and the entire sequence of the DNA interacting with the GNR, using
room-temperature MD simulation trajectories including all surrounding water
molecules and counterions in the nanochannel, which was composed of silicon
nitrate and with a narrow GNR (width, ~1 nm).

For automatic sequencing analysis using the above electric conductance data, a
data-mining approach was required. As specific drops in the transmission curves at
1.8,-0.9, -1.4 and -1.6 eV in the absence of water (Fig. 2a) indicated stacking of the
corresponding nucleobases on the graphene, the histogram H(E, t; A) showed
similar characteristic patterns in a realistic GNR-nanochannel device containing
whole DNA in water with counterions (Fig. 3a). H(E, t; A) was integrated over a
specified energy range [E, - I',/2, E,+ I',/2] to obtain the number of transmission

NATURE NANOTECHNOLOGY | VOL 6 | MARCH 2011 | www.nature.com/naturenanotechnology

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2010.283
www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Dbol: 10.1038/NNAN0.2010.283

LETTERS

drops appearing within the given energy range and time interval A around ¢:

E+17/2
S(E,. t;A) = J H(E, t; )dE

E~T,/2

The energy values E (1.8, -0.65, -1.2 and -1.65 V for Cyt, Gua, Ade/Cyt and
Gua/Thy, respectively) were chosen from the histogram in Fig. 3a. The small
coloured bars at the right side of Fig. 3a show the ranges of I'; at a given energy E,.
To unravel some partial overlaps, we used the probability projecting each base.
For example, the probability of Gua (Cyt) is obtained by projecting Sg - (S, )
into S (Sp):

Pg(t) = ScSg.15 Pc(t) = ScSac

The probability of Thy (Ade) can then be obtained by projecting out P, (Py) from
Sar (Sa0):

Pp(t) = Sg 1 — Pg; Py(t) =S5 c — Pc

Thus, the data-mining technique, including two-dimensional TACF analysis of
C(t, ty; 7), for the time evolution of the conductance renders the automatic
sequencing feasible.
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published online 6 February 2011
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