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With the aim of improving nanopore-based DNA sequencing, we explored the effects of functionalizing the
embedded gold electrodes with purine and pyrimidine molecules. Hydrogen bonds formed between the
molecular probe and target bases stabilize the scanned DNA unit against thermal fluctuations and thus greatly
reduce noise in the current signal. The results of our first-principles study indicate that this proposed scheme
could allow DNA sequencing with a robust and reliable yield, producing current signals that differ by at least

1 order of magnitude for the different bases.

The determination of a patient's DNA sequence can, in strand can be measured. Thus as the ssDNA translocates through
principle, reveal an increased risk to fall ill with particular the pore, time-dependent currenoltage signals from the
disease’s? and help to design “personalized medicide¥lore- electrodes would supposedly be specific enough to allow the
over, statistical studies and comparison of gendroésa large unequivocal identification of the nucleotide sequence. It is,
number of individuals are crucial for the analysis of mutattons however, still unclear whether or not the resulting current
and hereditary diseases, paving the way to preventive medicine. voltage signal from pore-embedded electrodes is sensitive
DNA sequencing is, however, currently still a vastly time- enough to reliably distinguish the four nucleic acid bases of
consuming and very expensive tdstonsisting of preprocessing DNA. The probability distributions of current signals for
steps, the actual sequencing using the Sanger method, andlifferent nucleotides are found to overlap significatth?
postprocessing in the form of data analysis. largely due to the structural fluctuations of nucleotides between

The new possibility of passing a single-stranded DNA the embedded electrodes, which makes a reliable distinction of
(ssDNA) through a so-called “nanopore” with a diameter of only the different bases rather difficult. Although it may be possible
a few nanometers has been explored over the past dedade to resolve the nucleic acid bases by applying a much smaller
for the purpose of DNA sequencing. As the nucleotides of DNA driving field and using statistical analysis, this approach requires
are migrated across the membrane, they will partially block the a relatively large number of independent electrical current
pore in different ways depending on their siZ&hus, monitor- samplings of a given base. Even so, the resulting probability
ing the ionic blockade currents could lead to the determination distributions of the signal currents span only 1 order of
of the DNA sequencé&:14To resolve the remaining ambiguity  magnitude?® which may not be good enough for an accurate
between the pyrimidine bases cytosine (C) and thymine (T) and sequencing run in a realistic setup.
the purine bases adenine (A) and guanine (G)’. it was recently |n this letter, we propose a new approach that relies on
suggesteth1®that one could embed electrodes in the walls of fnctionalized nanopore-embedded electrodes to achieve an
a solid-state nanopofé By applying a bias voltage across the  ynampiguous distinction of the four nucleic acid bases in the
electrodes a small electric current perpendicular to the DNA pnA sequencing process. The transport properties of the setup
: : investigated by us, employing state-of-the-art density functional
pa;&zg;ﬁ’gg‘é'ﬂg authors. E-mail: (R.H.S.) rhs@mtu.edu; (RP.) theory (DFT) together with the nonequilibrium Green'’s function

T Present address: University of&Raulo, Sa Paulo, Brazil. (NEGF) method, lead to current responses that differ by at least

*Present address: CMT Group, Uppsala University, Sweden. 1 order of magnitude for different bases. These results are
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Figure 1. An illustration of the proposed device. ssDNA is passing E " ’
through the nanopore with functionalized gold electrodes embedded. (8] . ”
A probe molecule (e.g., Cytosine) is immobilized on the inner surface 10} / ,
of the left electrode by a sulfur atom. As part of the sSDNA molecule, i ,' ’
a guanosine monophosphate unit is shown as the target to be identified. I v/
The wave function of the first occupied contact state corresponding to [ ’
the transmission peak labeled by * in Figure 4 is also shown with the 10 0- —— 0'2 et '0'4‘ et OIG et ‘o'a' et 1'0 -

colors blue and red indicating the phase. Voltage (V)
intriguing in that this approach would potentially achieve base Fi_gure 2. The currentvoltage curves for the device functionalized
contrasts large enough to discriminate the four DNA bases, ith & C-probe for all four possible target bases (A, red square; C,

2 . green circle; G, blue triangle; T, pink upside-down triangle) with current
A schematic illustration of the key elements of the proposed gjgnais plotted in logarithmic scale. The current signals are taken as

device is shown in Figure 1. It consists of two gold electrodes ratios with respect to the value of having C as the target at a bias of
embedded oppositely in a nanopore, a chosen DNA probe0.1 V.
molecule anchored to the inner surface of one of the electrodes_l_ABLE 1 s  the Inf tion Deducible f

; ; ; : Summary of the Information Deducible for
via a Fhml group, and a target that is a segment of a SSDNA Different Probes from Current Measurements (at 100 mV
including base, sugar, and phosphate group. Because the iongnq 250 mvy

and water can effectively screen the charge on the phosphate

group in a solutior?? it is kept uncharged. As an ssDNA is probebias V=100mv V=250mv
pulled through the nanopore via a driving electric field, the A (A, C,G)fromT Afrom (C,G)from T
probing molecule will simultaneously fulfill two functions: (i) g gﬁ’ 8) g‘))rf‘:o(g'TT) &frcémGC;,fgrf;o_lr_n T
stabilization of the target base in the DNA sequence by forming T (A: C" G) from T C from (A. G) from T

weak hydrogen bonds, and (ii) detection of the target base by o ) )
coupling electronically to it. Because the bases occurring in  “ Target bases that cannot be distinguished are combined in
natural DNA possess an inherent ability to selectively bind to Parentheses.
their respective complementary base partners, all four base
molecules (i.e., A, C, G, and T) are considered as the probeand target-base is weak enough to allow for an easy breakup
molecules in calculations. when the ssDNA molecule is pulled through the nanopore by
We have started our investigation by determining the most the driving field. The covalent bond of the probe-base’s thiol
stable pairing geometries between the probe and the targetgroup is, however, strong enough to keep the probe firmly
molecule. For each pair, five initial positions were considered placed on the surface of the gold electrode without the risk that
corresponding to the five matching position at the H-bonding it would be swept along with the passing DNA molecule.
edge (see Supporting Information for more details). We  The current-voltage curves calculated for the device involv-
employed DFT within the generalized gradient approximation ing the base C as a probe are shown in Figure 2. The vacuum
(GGA) of the exchange and correlation functidhaicorporated gap between target base and gold electrode (Figure 1) leads to
in SIESTAZ22 Norm-conserving pseudopotentials and double- relatively small current values at low biases. Recalling that the
basis sets with polarization orbitals were used on all the atoms. figure of merit for distinguishing two different base molecules
The tolerance in maximum density matrix difference is%0 s that their associated currents differ by at least 1 order of
and the tolerance in maximum atomic force is 0.04 eV/A. The magnitude, in Table 1 we present our recognition map. For
bias-dependent tunneling current is then calculated from the instance, at a bias of 100 mV, using either A, G, or T as a
NEGF method based on the Keldysh formalism, as implementedprobe, we can distinguish the set A, C, and G from T (while A,
in SMEAGOL 23725 A central scattering region is defined to C, and G cannot be distinguished from each other). In contrast,
include the DNA probe-target molecules and foux 4 R Au when C is used as a probe, we can differentiate A and G from
layers on either side. In considering the computational cost, C and T. At an increased bias, the recognition properties of the
single< basis sets with polarization orbitals were used for C, proposed device change. For instance at 250 mV, the A probe
N, O, S, and H, while a singlé-basis set was used for Au with  provides different currents for A, T or C and G (C and G
only 6s as the valence electron. The charge density is obtainechowever remain indistinguishable from each other). Very
by integrating the Green'’s function over 200 imaginary and 1000 importantly, our scheme adds the ability of identifying A and
real energy points according to the scheme described in ref 25.G, which used to be the major obstacle of nanopore DNA
The binding energiesk,) of the “probe-target” base pairs sequencing.
formed temporarily in the nanopore are strongly correlated to  Functionalization of the electrodes with C as a probe appears
the number of H-bonds formed in between with abe0t4 eV to yield the best way for a reliable identification of all four
per H-bond. The calculated values f&; show that the base molecules in DNA (Figure 2). This can be achieved by
H-bonding can significantly stabilize the DNA molecule as it carrying out three sequencing runs at three different bias
passes through the pore, thereby preventing drastic variationsvoltages, namely 100 mV, 250 mV, and 750 mV. The flow
in the current due to thermal fluctuations of the structure and diagram shown in Figure 3 gives the illustration of this proposed
the uncertainty in the orientation of the base between the two protocol of DNA sequencing. The first set of measurements at
electrodes. On the other hand, the H-bonding between probe-100 mV would result in a series of current signals that fall into
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Figure 3. Flow diagram illustrating the decision-making process of a 1E'3'§

device involving C-probe leading to the identification of a target base = 1E-43 | 1
in the sequence. Here, high and low refer to higher or lower current g 1K 1
values at a given bias voltage. The height of the bars below the letters E 1E-5 ]
A, C, G, and T on the right side of the figure corresponds to the a ]
respective current signal (on a logarithmic scale). The crossed-out letters ® 1E-6
below the bars refer to possible target bases that have been ruled out. +

1E-7
two easily distinguishable categories: “high” current values if 1E-8

A or G is the target base, and “low” current values if C or T is
the target base. The difference between the two categories is 1E-9
nearly 2 orders of magnitude, which should make the distinction
extraordinarily robust. We now require additional information
to resolve the remaining ambiguity of A/G and C/T. In a second
measurement at 250 mV, it will be possible to distinguish
between C and T, as their respective current values differ by 1
order of magnitude at that bias voltage. Thus, any high current
value would lead to the identificatiorf @ T in the sequence,
while any low current value means thea C is atthis position

in the sequence. Finally, a third measurement at 750 mV causes
the current values for the bases A and G to differ by 2 orders
of magnitude, leading to an easy distinction between the two,
where high current values correspond to A, while low current

0.01
1E3 : ]
1E-4
1E5

1E-6

Transmission

1E-7
1E-8

values correspond to G. 1E-9 —
Having demonstrated the principal capability of our hypo- 0.2 -0.1 0.0 0.1 0.2
thetical device for DNA sequencing, we now turn our attention Energy (eV)

to understand the electrical response for different target basesFigure 4. Device with C-Probe. Transmission functions for four target
In the following discussion, we concentrate on the most balses atl attbigs_ G;f = O_mVl_ 100 rInV'TﬁndFZBO _TV V\lfi_th t:_ansrgitssion
promising seup invohang the C probe. The tunneling curent L5 P ooeriime ese e FEun e s signed o 2ot
(Flgure_Z) IS obtained by integrating the transmls_smn funqthn transmissigon peak for target “G” at zero b)i/as corresponding to the
shown in Figure 4 for each target base predominantly within yojecular orbital shown in Figure 1 is labeled by *.
the voltage window#>-26 For the given nanopore (2.18 nm wide
in this case), the similarity in the zero-bias transmission-function causing a rise in the energy of the peaks). The position of the
shape for all target nucleotides in the né&arregion can be peak related to the contact state closely follows the shift of the
attributed to the fact that the peaks ndarand within the electrode potential and is only slightly affected by charging/
molecular HOMG-LUMO gap, away from specific molecular  discharging of the state when it is driven between the occupied
orbitals, are mostly associated with the contact states localizedstate on the left electrode and the unoccupied on the right.
on the anchoring group and the gold electrodes (Figure 1). The In summary, we have shown that nanopore-embedded gold
size of the target base, thereby the gap between target and thelectrodes functionalized with molecular probes can lead to a
(right) gold electrode, determines the transmission magnitude dramatic improvement in the sensitivity of base molecules
via the overlap between the electronic states localized on thesensing in a pore-translocating DNA sequence. In STM experi-
molecule and the states on the right electrode. Neverthelessments, researchers have indeed modified the probing tips with
we would like to emphasize here that it is the different effect nucleic acid bases and succeeded in distinguishing their
of the target base on the bias-dependent shift of these peaksomplementary base from othéfdf the described setup in this
that allows one to distinguish between the four bases. study could be successfully implemented, then our findings
When the bias is increased from 0 to 250 mV, the transmis- might lead us closer to achieving the goal of rapid DNA
sion peaks associated with the contact states enter the voltagesequencing at a low cost. We should, however, be aware that
window and contribute to the increase of the current across thethe solvent effect is not taken into account in the current
device (e.g., the potential on the left electrode increases, thussimulation. A recent study from Di Ventra's grotfhhas shown
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that water in the environment has little effect on the electrical (6) Hood, L.; et al.Science2004 306, 640.

response of the system. So we would expect that the potential _ (7) International Human Genome Sequencing Consortium, Initial
S . " P sequencing and analysis of the human gendxeture 2001, 409, 860.
distinguishability of these bases would not significantly be (8) Kasianowicz, J. J.; et aRroc. Natl. Acad. Sci. U.S.AL996 93,

affected. It is also of great interest in the future to study the 13770.
DNA translocation dynamics through the nanopore. (9) Akeson, M.; et alBiophy. J.1999 77, 3227.
(10) Meller, A.; et al.Proc. Natl. Acad. Sci. U.S./£00Q 97, 1079.
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