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Abstract—Fast and low-cost DNA sequencing methods would
revolutionize medicine: a person could have his/her full genome
sequenced so that drugs could be tailored to his/her specific
illnesses; doctors could know in advance patients’ likelihood to
develop a given ailment; cures to major diseases could be found
faster [1]. However, this goal of “personalized medicine” is
hampered today by the high cost and slow speed of DNA
sequencing methods. We will discuss the sequencing protocol we
suggest which requires the measurement of the distributions of
transverse currents during the translocation of single-stranded
DNA into nanopores [2-6]. We will support our conclusions with
a combination of molecular dynamics simulations coupled to
quantum mechanical calculations of electrical current in
experimentally realizable systems [2-6]. We will also discuss
recent experiments that support these theoretical predictions. In
addition, we will show how this relatively unexplored area of
research at the interface between solids, liquids, and
biomolecules at the nanometer length scale is a fertile ground to
study quantum phenomena that have a classical counterpart,
such as ionic quasi-particles and ionic “quantized” conductance
[7,8].

I INTRODUCTION

Alternative methods for DNA sequencing have been
increasingly of interest over the last decade. One of the
primary targets is the “$1000” genome — the capability to
sequence an individual’s full genome for very low cost (and in
a short time). Nanopore-based approaches have emerged as a
promising method [1]. These are single-molecule approaches
that directly detect physical differences of individual
nucleotides in a strand of DNA, thereby “reading” off the
sequence linearly as the DNA translocates through a pore.

A number of potential read-out mechanisms — to be coupled
to the nanopore — have been proposed, from -electronic
transport, to ionic transport, to optical detection [1]. Of critical
importance is to have a fast and reliable physical signature of
the nucleotide present at a given location in a sequence.
However, these techniques probe the DNA at the single base
level and, thus, are subject to considerable fluctuations that
occur at the nanoscale.

Our work has focused on theoretical investigations of
nanoscale electronic transport as a method to discriminate
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between the DNA bases, how to limit the structural motion of
the DNA, and how the surrounding aqueous, ionic
environment affects the distinguishability of the bases.
Experiments are starting to make progress in examining
electronic transport as a means to sequence, with a number of
outstanding recent results confirming our predictions [9-12].
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Figure 1. Schematic of sequencing via electronic transport. (a) A cross-

sectional slice of a membrane (gray) with a nanopore through it is used to
localize a DNA molecule (which can be pulled into the pore via an electronic
bias applied across the membrane). Transverse electrodes are embedded
within the nanopore that drive a current in a direction perpendicular to the
DNA motion. As each DNA nucleotide in the strand passes between the
electrode gap, an electronic current distribution is acquired and used to
identify the base in the sequence. (b) The membrane partitions an aqueous,
ionic solution which contains single-stranded DNA. (c) A frontal view of the
membrane showing the cross-sectional slice taken for (a).



II.  TUNNELING CURRENTS FOR SEQUENCING

Electrons can tunnel at the nanoscale. This means that they
can penetrate into classically forbidden regions and generate
an electronic current. Such is the case when a nanoscale gap is
made in a metallic wire. Current carrying electrons make their
way across the gap, regardless whether its contents are the
vacuum, molecules, fluid, etc., so long as the gap is suitably
small. The contents, however, will modulate the ability of
electrons to tunnel. In particular, when molecules are present
they provide energy levels (i.e., molecular states) in the
junction that increase the current. Depending on how far these
energy states are from the Fermi level of the metallic leads,
and also how well these states couple to the leads, the current
will be modulated by different amounts.

This is the backdrop for using tunneling currents as a
detection mechanism for reading out the sequence of DNA in
nanopores [2,3]. The different DNA bases have distinct
molecular structure and energy levels that will couple in
differing ways to the electronic leads, thus giving each base
their own electronic current signature that can be used to
distinguish them, see Fig. 1.

We have theoretically investigated the electronic currents
across the different DNA nucleotides ideally situated between
two electrodes — where they span the gap between the two
leads — and found that they indeed have different values [2].
However, the differences rely to a large extent on the
couplings of the molecular states to the electrodes. Therefore,
structural fluctuations of the nucleotides, e.g., due to the
driving of the DNA strand through a nanopore or just due to
structural motion of the DNA within the aqueous
environment, will have an effect on the measured currents and
the ability to detect which nucleotide is present between the
electrodes [2].

Indeed, structural fluctuations turn out to have a profound
effect. To address this issue we have coupled molecular
dynamics simulations of DNA fluctuating within the pore
with calculations of the electronic transport properties [3-6].
The molecular dynamics simulations provide the structure of
single-stranded DNA, water, and ions in the junction region
as the DNA translocates through the pore. We then take a
Landauer approach to calculate the electronic current flowing
through the atomic constituents of the junction. The current is
given by

I— % / Z dET(E) [fi(E) — f,(E)],

where e and h are the magnitude of the electron charge and
Planck’s constant, respective. The integral over energy, E,
contains the transmission coefficient 7(F) and the Fermi-
Dirac distributions, f(FE), for the top (¢f) and bottom (b)
electrodes.

To obtain the transmission coefficient one first computes
the retarded Green’s function
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Figure 2. Snapshots from molecular dynamics simulations and the structure
of DNA between the electrodes. (a) Translocation of single-stranded DNA
through the nanopore without any stabilizing field. The DNA has large
structural fluctuations in the pore, which results in many different
orientations of the nucleotides as they pass through the junction region (here,
dark spheres are gold atoms that represent the surface of the electrodes
within the silicon nitride pore, shown as purple spheres). (b) DNA in the
presence of a stabilizing field greatly reduces the structural fluctuations of
DNA, giving the nucleotides well-defined current distributions that act as an
electronic signature of the nucleotide. Water and ions are present in the
simulations but have been removed to clearly see the DNA. (c¢) Application
of a transverse field (either due to the bias driving the electronic current or an
additional field across the whole device) pulls the charge on the backbone of
each nucleotide to one side of the pore. Before the field is turned on there are
lots of fluctuations (indicated by green arrows). Afterward the field holds the
nucleotide close to configurations that are more ideal for transport
(restricting motion to smaller fluctuations).

where Spy, and Hpyy are the overlap and Hamiltonian
matrices, respectively, of the contents of the junction. The
remaining terms are the self-energies of the top electrode,
bottom electrode, and external probes (i.e., potential sources
of noise). These self-energies represent the influence of the
electrodes and external noise on the DNA and other contents
of the junction. In particular, when modeling noise, we
include two external probes that represent scattering of the
electrons in the complex fluid environment. Details can be
found elsewhere [6].

The resulting transmission coefficient is
T (E) = Tt [NiGonalyGhy.]
where
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With external noise described by a two-probe model [6], the
total transmission coefficient will just be this transmission
coefficient between the top and bottom electrodes.

We found that, without control of the DNA motion, the
tunneling currents fluctuate over orders of magnitude due to



the exponential dependence of the electronic coupling with
the nucleotide-electrode distance. We therefore proposed that
one should use a transverse field to control the motion of the
DNA. For instance, a capacitor placed across the nanopore
system, or the bias driving the current itself, can give a
transverse field that will pull the (charged) backbone of DNA
toward one side of the nanopore, both slowing its motion and
reducing fluctuations [3]. Several snapshots from these
simulations, with and without the stabilizing field, are shown
in Fig. 2. While there are still fluctuations of the nucleotides
between the electrodes, the DNA nucleotides acquire well-
defined electronic current distributions that can be used as a
signature of the base present in the electronic gap.

These current distributions are approximately log-normal
under many circumstances and only have a partial overlap,
making them distinguishable with only a small number of
independent measurements of the current. Their main feature
— that the current has Gaussian fluctuations on a log scale — is
due to the exponential dependence of the electronic coupling
on the distance between the molecule and electrodes. As well,
transport across the junction can be modeled as due to a
single electronic state on the DNA. Taking this perspective,
we can obtain an approximate expression for the current

() ~ 2e2V 42
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where we have assumed linear response, which gives the
current linearly proportional to the bias V. This expression is
for a single electronic level coupled equally to both electrodes
(with a strength y) and in the presence of noise (of strength
).

As just mentioned, however, the main feature of the
current is due to fluctuations of the coupling of the DNA to
the electrodes. The expression above for the current, then, is
just for one instant of time. As the DNA and other contents of
the junction fluctuate, the coupling constant will be described

by its probability distribution
(Iny/vm) g }
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with standard deviation o, and maximum likelihood value

Y. We emphasize that only when the DNA motion is
controlled, e.g., by a transverse field pulling its backbone to
one side of the pore, will the coupling constant take on
(approximately) a log-normal distribution. These fits to the
data from Ref. [6], in terms of the current distributions, are
shown in Fig. 3(a).

This plot demonstrates an important characteristic of
nanoscale electronic sequencing of DNA (and, indeed,
sequencing with single-molecule approaches in general):
Discriminating between the bases is not possible with just a
single measurement. Only when taking several measurements
and/or measuring an average current over time — while a
single nucleotide is present in the junction — can one obtain a

signal that allows for the different bases to be distinguished.
These are issues explored in more detail in Refs. [3-5].

Further, we have also been investigating the effect of the
aqueous, ionic environment on the ability to distinguish the
DNA bases with electronic transport [5-6]. Water, for
instance, has very little effect on the current across the
junction when a nucleotide is present. Two-probe dephasing,
which is present in the approximate equation, I(1), through
the noise strength 7, also has little effect for moderate noise
strengths. This is plotted in Fig. 3(b) for the nucleotide with
Adenine. Only for noise strengths greater than the gap
between the molecular energy levels and the Fermi level of
the electrodes will there start to be an effect. Thus, due to the
tunneling being through molecules, the signals for the
different bases are protected from white noise of this type.
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Figure 3. Current distributions for the different nucleotides between
electrodes of spacing 1.4 nm and held at a bias of 1 V. These are log-normal
distributions fitted to the full transport and molecular dynamic calculations of
Ref. [6]. (a) All four DNA nucleotides, with bases Adenine (A), Guanine
(G), Cytosine (C), and Thymine (T) are shown with zero noise (7=0). (b)
The DNA nucleotide with Adenine shown for different dephasing times (7
=h/1y,). Only the zero noise case is fitted to the full calculations, the other
curves are from the approximate expression for the current, (7).



Many other issues arise in single-molecule sequencing
techniques. In the case of transport, for instance, electrons
tunnel through a nanopore that is embedded in an aqueous,
ionic environment. Thus, there are background currents due
to the presence of ions. In actual experiments, the tunneling
signals indicating the presence of a base come on top of this
constant background signal (see, e.g., Ref. [9]).

Experimental progress has been rapid over the past couple
of years, starting from the construction of nanoscale
electrodes housed in nanopores [13-18] to the measurement
of tunneling currents across nucleotides/nucleosides [9-11] to
devices that can simultaneously measure transverse and
longitudinal currents [12]. For instance, the experiments of
Refs. [9] and [10] measured tunneling currents across
individual DNA nucleotides/nucleosides. They demonstrated
that the bases do, in fact, have distinguishable electronic
current signatures of the type shown in Fig. 3(a). While these
are not working sequencing devices, they experimentally
show the proof-of-principle behind sequencing via electronic
transport. Refs. [11] and [12] have further shown that
identification of individual bases in short DNA oligomers is
achievable and that simultaneous measurement of transverse
and longitudinal currents in nanopore devices is feasible,
respectively. Another recent experiment explored a different
electronic readout method that simultaneously measured the
conductance change of a field-effect transistor and the
longitudinal ionic current [19].

II1.

In addition to giving a potential route to rapid and low
cost sequencing, transverse electronic transport and related
nanopore setups offer the possibility to investigate a number
of scientific challenges at the interface between solids,
liquids, and biomolecules. For instance, we have also been
investigating ionic transport phenomena in nanopores. We
have shown that ions translocating through nanopores have to
shed tightly bound water molecules, a process which requires
a large energetic penalty to be paid. As the radius of a
nanopore is decreased, more water layers have to be removed,
resulting in a nonlinear stepwise energy barrier. This should
be observable experimentally as quantized ionic conductance
[7,8]. We believe that nanopore systems will give a number
of fascinating results from understanding electronic transport
in strongly fluctuating environments to understanding the
motion of biomolecules. They thus promise to impact science
and technology dramatically in the 21% century.
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