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ABSTRACT

We have studied electron transport in DNA duplexes, covalently bonded to two electrodes in aqueous buffer solutions, by repeatedly forming
a large number of DNA junctions. The histogram of conductances reveals peaks at integer multiples of a fundamental value, which is used
to identify with the conductance of a single DNA molecule. The measured conductance depends on the DNA sequence and length. For (GC),
sequences, the conductance is inversely proportional to the length (greater than eight base pairs). When inserting (A:T)n, into GC-rich domains,

it decreases exponentially with the length of A:T base pairs (m) with a

decay constant of 0.43 A-L This work provides an unambiguous

determination of single DNA conductance and demonstrates different conduction mechanisms for different sequences.

The ability to directly measure the conductance of a single
DNA molecule wired to two electrodes is exciting because
it will allow one to study charge transport, a phenomenon
that is associated with oxidative damage of DNAon a
single-molecule basis. It will also allow one to read the
chemical and biological information of the molecule elec-
tronically, which opens the door to biosensor applicafiéns
based on electrical measurement of individually wired

and a 5CGCG(AT}CGCG-3-thiol linker with m= 0, 1,

and 2. These thiolated oligonucleotides were purchased in a
disulfide form from Integrated DNA Technologies, Inc., and
were deprotected with tri-(2-carboxyethyl)phosphine and
purified with size-exclusion spin columns before use. These
DNA sequences have been extensively studied by NMR,
X-ray crystallography, CD spectroscopy, and thermody-
namicst®*® They are self-complementary sequences and

molecules. Conductance measurements on DNA have beeform stable B-form double helixes spontaneously in solution.
attempted by many groups, but the reported characteristics|n very high or low salt concentrations, some of the DNA
of DNA varies from insulator, semiconductor to conductor, may also exist in other structures. For example, Z BNA
and superconductdr®* To measure the conductance reliably, has peen observed for poly(GC) in 2.5 M sodium chloride,
one must provide reproducible electronic coupling between 5nq the hairpin structuteexists for the CGCGATATCGCG

) - S
the molecule and the probing electrod&s®>One mustalso  sequence when the salt concentration is around 0.01 M. In
fmd a signature to identify that the measured CO”dUCt?mceaddition, some imperfect structures, such as frayed and
is due to not only the sample molecules but also to a single gjipned helixes, are concomitant with the perfect duplexes,
sample molecule. Finally, for biologically relevant molecules |\ hich have been minimized by controlling the anneal
such as DNA, it is highly desirgd to carry out the measure- .onditions in a 100 mM NaCk 10 mM phosphate buffer
ment in aqueous buffer solutions to preserve the native solution (pH 7) in this worke Furthermore, as we will
conformation of the molecule. Here we describe a direct discuss later, the hairpin structure cannot bond to two

conductance measurement of a single DNA molecule (of electrodes and the slipped and frayed structures would be

various Iengths and sequen_ces) covalently attached to WO ich less conducting than double-helical DNA, so these
electrodes in aqueous solutions.

) ) imperfect structures will not greatly affect the measurement
We have studied two series of DNA sequences;(&& ) P 9 y

3-thiol linker withn = 4, 5, 6. and 7 (8 14 base pairs long) O n°'Ma! DNA duplexes. ,
Each double helix is terminated with two @QEH,CH,—

* Corresponding author. E-mail: nongjian.tao@asu.edu. Tel: 480-965- SH groups at its ‘3ends that are poised to bind to Au

a456. o _ electrodes via strong AuS bonds. We created individual
trOni!sectncal Engineering Department and Center for Solid State Elec- molecular junctions by repeatedly moving an STM (scanning

* Center for Single Molecule Biophysics. tunneling microscope) tip into and out of contact with a flat
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Au electrode in the buffer containing /A sample DNA
(Figure 1a). The tip was insulated over most of its surface
to eliminate undesired leakage currents, permitting the
measurement of small signal currents in an aqueous environ-
ment!® The experiment was controlled by a feedback loop
that started by driving the tip into contact with the substrate
using a piezoelectric transducer (P2ZT)Once the contact
was established, the feedback loop activated the PZT to pull
the electrode out of contact. After breaking the contact, the K 3x10-3G; or 0.1 uS |

DNA molecules can bridge the tip and the substrate 8-bp DNA c
electrodes to form a molecular junction, which is shown as

DNA duplex

a series of steps appearing in the conductance (Figure 1b).
In the case of the eight-bp DNA duplex, the steps are near-
integer multiples of a fundamental conductance value,

1.3 x 103Gy or ~0.1 S (Figure 1c), wher&, = 2e/h ~

77 uS, and the conductance quantum is roughly the con-

ductance of a single gold atom connected to two electrodes.
These conductance steps are due to the formation of 1, 2,
3, ... DNA molecules in the junctions.

This conclusion is supported by the following facts. First,
in the absence of DNA molecules, no conductance steps
significantly below 15, are observed (Figure 1d). Second,
the conductance peaks are located at different conductance 1 2 3
values for DNA duplexes with different lengths and se- Conductance (10°Go)

Counts

Counts

quences. (We will return to this later.) Third, we have = 2 8-50 DNA
recently simultaneously measured the conductance and force “op b
of different molecular junctions created using this method {2 4.3

for alkanedithiols and bipyridines, which directly shows that © 3.0 - il

the conductance steps are due to the breakdown of individual 2

moleculeg! We note that the conductance steps do not ag 1.59 -
always occur at the same conductance values, reflecting g ¢ . . . . .
variations in the microscopic details of the molectle § 0.0 0.5 1.0 1.5 2.0 25

electrode contacts. A statistical analysis over a large number
of molecular junctions is thus necessary. Figure 1c is a
conductance histogram constructed from more than 500 I8-prDN A ' e
individual measurements, which reveals defined peaks near
integer multiples of 1.3« 103G, (~0.1uS), corresponding

to the conductance of a single eight-bp DNA duplex. The
histogram is not sensitive to the moving rate of the PZT,
indicating that the DNA molecules adsorbed on the electrodes
rather than those in solution are responsible for the formation
of molecular junctions. The histogram of the control experi-
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ment carried out in the buffer solution containing no DNA ~1004

shows only a smooth background in the conductance 180

histogram (Figure 1d). 08 -06 04 -02 00 02 04 06 08
We have obtained the currentoltage (—V) characteristic Bias Voltage (V)

curves using two different methods. The first method is to

monitor the peak positions in the conductance histogramsFigure 1. (a) Schematic illustration of a single DNA conductance

obtained at different bias voltages, which gives-¥ curve measurement. (b) Formation of molecular junctions shown as
averaged over many DNA junctions (open squares in Figure discrete steps in the conductance (eight-bp DNA duplex). (c)

1e). The advantage of constructing conductance histogram Conductance histogram constructed from more than 500 individual
) 9 g 9 Smeasurements revealing well-defined peaks near integer multiples

from a large number of measurements minimizes the of 3 fundamental value, 1.8 10-3Go (0.14S), which is identified
possibility of mistaking the imperfect DNA mentioned above as the conductance of a single eight-bp DNA duplex. (d) Conduc-
for regular B-form DNA because the imperfect DNA not tance histogram in buffer solution revealing a smooth background.
only is less conducting but also is fewer in number than the (e) Current-voltage characteristic curves of a single eight-bp DNA.

. Lines with different colors are obtained by recording current vs
B-form DNA. However, the statistical average of eaetV bias voltage for three different DNA junctions. The open squares

over many molecular junctions may wash out interesting are from the peak positions of the conductance histograms obtained
features of each individual molecular junction. We have thus at different bias voltages.
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Figure 3. (a) Natural logarithm of GCGC(AT)GCGC conduc-

tance vs length (total number of base pairs). The solid line is a
linear fit that reflects the exponential dependence of the conductance
on length. The decay constag,is determined from the slope of
the linear fit. (b) Conductance of (GEYs 1/length (in total base
pairs).

Figure 2. Conductance histograms of three DNA duplexes: (@)
5'-CGCGCGCG-3thiol linker, (b) 3-CGCGATCGCG-3thiol
linker, (c) and 5CGCGAATTCGCG-3thiol linker.

used a second complementary method to determink-tkie
curves. This method starts by pulling the tip out of contact
with the substrate until the lowest conductance plateau, more slowly and can be fit by ~ Y/, (Figure 3b). The
corresponding to the formation of a single DNA junction, is sequence dependence suggests that charge transport via the
reached. We then freeze the tip position and record thestacked base pairs, rather than via the backbones, dominates

current while sweeping the bias voltage (Figure 1e). This the conductance. These findings are consistent with the model
method requires a stable tigubstrate distance, and our that describes charge transport in DNA as a tunneling or
homemade setup allows us routinely to hold the tip position superexchange process across A:T regions between two G:C
for many seconds to several minutes, long enough for us todomains?>#*The systematic dependence of the conductance
measure thé—V curves. Thel—V curves obtained by the  on the length supports the fact that the measured conductance
two methods (open squares and lines) are in good agreemens due to double-helical DNA rather than imperfect structures.
with each other and show rather linear behavior below 0.5 Is the measured conductance due to the electronic or ionic
V, as shown in Figure le. conduction of DNA? We have coated our STM tip electrode
We have performed similar measurements on other DNA with Apiezon wax such that the ionic leakage current
duplexes. Some are shown in Figure 2b and c. The between the two electrodessd pA. The control experiment
conductance histograms also reveal well-defined peaks, butfurther confirms that ions in the solution do not significantly
the peaks are located near integer multiples of different contribute to the measured conductance. However, one may
values. For 5CGCG(AT/CGCG-3 sequences, the natural argue that the counterions surrounding DNA are responsible
logarithm of the conductance versus the DNA length (Fig- for the measured conductance. The counterions could
ure 3a) shows that the data can be describedsby A contribute to the conductance either via polarization or
exp(—pL), whereA = (1.3 + 0.1) x 103Gy, f = 0.43+ faradic processes. The former is ruled out because the
0.01 A%, andL is the length of the A:T bridge. In contrast, measured conductance is independent of the pulling and
the conductance of (Gg3equence DNA duplexes decreases voltage sweep rates. The later would require the counterions
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