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Molecular rectiﬁer composed of DNA with high
rectiﬁcation ratio enabled by intercalation
Cunlan Guo1†, Kun Wang1†, Elinor Zerah-Harush2, Joseph Hamill1, Bin Wang1, Yonatan Dubi2,3*
and Bingqian Xu1*
The predictability, diversity and programmability of DNA make it a leading candidate for the design of functional
electronic devices that use single molecules, yet its electron transport properties have not been fully elucidated. This is
primarily because of a poor understanding of how the structure of DNA determines its electron transport. Here, we
demonstrate a DNA-based molecular rectiﬁer constructed by site-speciﬁc intercalation of small molecules (coralyne) into
a custom-designed 11-base-pair DNA duplex. Measured current–voltage curves of the DNA–coralyne molecular junction
show unexpectedly large rectiﬁcation with a rectiﬁcation ratio of about 15 at 1.1 V, a counter-intuitive ﬁnding considering
the seemingly symmetrical molecular structure of the junction. A non-equilibrium Green’s function-based model—
parameterized by density functional theory calculations—revealed that the coralyne-induced spatial asymmetry in the
electron state distribution caused the observed rectiﬁcation. This inherent asymmetry leads to changes in the coupling of
the molecular HOMO−1 level to the electrodes when an external voltage is applied, resulting in an asymmetric change
in transmission.
he ﬁeld of molecular electronics, the goal of which is to functionally incorporate molecular components in electronic
devices1–3, has focused intensively on DNA. In addition to
the molecule’s high density of genetic information, its inherent structural and molecular recognition properties render it ideal for molecular electronics applications. In the past two decades DNA has
therefore attracted inordinate amounts of attention in the molecular
electronics and spintronics ﬁelds4–6 for its potential to transport
charge in molecular electronics applications such as DNA chips7,8.
Shown to be sequence-dependent, the conduction mechanism of
native duplex DNA was found to be dominated by tunnelling when
the guanine–cytosine (G–C) pairs are separated by three or fewer
adenine–thymine (A–T) pairs. If the number of A–T pairs is
increased, however, diffusive hopping becomes the main electronic
transport mechanism9,10. To further complicate matters, researchers
recently demonstrated that DNA charge transport includes an intermediate tunnelling–hopping regime11. Achieving the goal of obtaining a functional electronic device based on DNA will thus require
that its molecular structure be altered to obtain non-monotonic
I–V behaviour. The conductivity of DNA was recently found to be
sensitive to subtle changes in DNA conformation caused by alterations in the ionic environment12 or by its modiﬁcation with methylation13,14 or with metal ions15,16. Remarkable in their own right,
these achievements hint at the tantalizing possibility that the electronic transport properties of DNA can be ﬁne-tuned via structural
modiﬁcation for the development of a diversity of DNA-based
electronic devices, especially an applicable DNA molecular rectiﬁer.
First proposed by Aviram and Ratner in 1974 (ref. 17), the notion
of a molecular rectiﬁer continues to be a subject of intense interest in
the ﬁeld of molecular electronics. To date, using conductance
measuring methods based on self-assembled monolayers18,19
and single-molecule junctions20–22, rectiﬁcation can be observed
either with asymmetric molecules23,24 or with inconsistent
molecule–electrode contacts25. Most rectiﬁcations have been

T

observed using small organic molecules, the structures of which
usually comprise electron-donor and electron-acceptor groups
separated by an insulating group18,24.
Here, we report the successful creation of a DNA-based rectiﬁer,
accomplished by intercalating coralyne molecules into speciﬁcally
designed duplex DNA. Electrical measurements of single DNA–
coralyne complex molecular junctions made using the scanning tunnelling microscopy break junction (STMBJ) technique (Fig. 1a)26,27
unexpectedly revealed rectiﬁcation with a high rectiﬁcation ratio
of around 15 at 1.1 V, a completely counterintuitive ﬁnding in
light of the apparent structural symmetry of the DNA–coralyne
complex. Non-equilibrium Green’s function (NEGF) calculations
of a coherent, tight-bonding model based on density functional
theory (DFT) suggested that the rectiﬁcation behaviour was caused
mainly by the coralyne-induced local spatial asymmetry of the distribution of electron states along the DNA chain, which, in turn, leads to
an asymmetric change in the transmission function associated with
the second highest occupied molecular orbital (HOMO−1).

Results and discussion
Coralyne is a small, planar molecule that has been shown to speciﬁcally intercalate in poly(dA) and strongly bind with adenine–
adenine (A–A) base pair mismatches28–30. Given the π conjugation
nature of coralyne, its intercalation in native DNA is expected to
perturb the π–π stacking interaction between the neighbouring bases
of DNA strands, thereby modulating electron transport through the
treated DNA molecule. We prepared the DNA–coralyne complex by
speciﬁcally intercalating two coralyne molecules into a customdesigned 11-base-pair (bp) DNA molecule (5′-CGCGAAACGCG-3′)
containing three mismatched A–A base pairs at the centre (Fig. 1b).
UV–vis spectroscopy shows that the addition of the DNA molecules
to the coralyne alters the UV–vis absorption of the latter; instead of
a single maximum at 420 nm, the DNA–coralyne complex has two
local maxima of 412 nm and 435 nm, an indication that the coralyne
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Figure 1 | STMBJ set-up and UV–vis spectroscopy measurements. a, Schematic of the STMBJ system. The single-molecule junction is formed in the region
indicated by the dashed box. b, Molecular junction composed of the DNA–coralyne complex (magniﬁed view of the dashed box in a). The DNA–coralyne
complex is formed with a coralyne molecule and a sample DNA molecule (5′-CGCGAAACGCG-3′-SH). c, UV–vis absorbance spectra of coralyne alone
(black) and coralyne in the presence of DNA (red). The ratio of ssDNA to coralyne is 1. After adding DNA to a coralyne solution, the single absorption peak
of coralyne at 420 nm splits into two peaks at 412 and 435 nm, indicating the intercalation of coralyne into native DNA. d, Job plot of DNA with coralyne,
in which an inﬂection point of 1 is observed, indicating that two coralyne molecules have been inserted into the formed DNA duplex. ssDNA/coralyne
(horizontal axis) represents the concentration ratio of ssDNA to coralyne. The total concentration of coralyne and ssDNA remained unchanged (at 10 µM)
during the entire titration. A412/A435 (vertical axis) is the absorption ratio of coralyne at 412 nm versus 435 nm. Sample conditions for UV–vis absorption
were 10 mM phosphate, 100 mM NaCl, pH 7.4.

is intercalated between the adenine bases (Fig. 1c)29. The results of
continuous fraction analysis (Job plot, Fig. 1d), in which an
inﬂection point of 1 was obtained for the single-stranded (ss)
DNA to coralyne concentration ratio, indicate that two coralyne
molecules were inserted into one formed DNA duplex. Further
conﬁrmation of this outcome was provided by structural and
energy simulations as well as a circular dichroism (CD) spectrum
(Supplementary Fig. 5), which showed that the most stable
complex structure was symmetric and composed of B-form DNA
with two coralyne molecules inserted. Temperature-dependent
ultraviolet and CD measurements prove that the DNA–coralyne
complex is stable at room temperature (Supplementary Fig. 5).
The DNA molecules used in this study were thiolated at their
3′ ends to facilitate their contact with the Au(111) surface via a
Au–S bond. Before electrical measurements, the morphologies of
the native duplex DNA and of the DNA–coralyne complex on an
Au (111) surface in PBS solution were studied using STM
imaging (Supplementary Fig. 1). The electronic transport properties
of the DNA–coralyne complex were then measured and compared
with those of the native duplex DNA using STMBJ techniques
(see Methods).
Conductance behaviour of DNA–coralyne complex molecular
junctions. Static differential conductance measurements of single
DNA–coralyne complex molecular junctions were ﬁrst performed
under different bias voltages using STMBJ either in the
continuous-stretching (CS) mode to form transient junctions or

under the stretching–holding (SH) approach to form stabilized
junctions. Both techniques have been detailed elsewhere26,27. Using
CS-STMBJ, we generated conductance histograms comprising
1,000–2,000 differential conductance traces. The ﬁrst and second
peaks obtained in the histogram correspond to one and two
molecules trapped in measured junctions, respectively. Therefore,
the conductance of native duplex DNA was G = 2.69 × 10−6G0
under a bias of 0.3 V (Fig. 2a) and G = 3.30 × 10−6G0 under a bias
of −0.9 V (Fig. 2b), where G0 = 2e 2/h = 77.4 µS (e is the electron
charge and h is Planck’s constant). Repeating the conductance
measurements for the DNA–coralyne complex using the same
method and the same bias voltage of 0.3 V showed that its
conductance was 3.17 × 10−6G0 (Fig. 2c), that is, very close to that of
the duplex DNA. However, under higher bias values, the
conductance measurements of native DNA diverged from those of
the DNA–coralyne complex, especially when under negative bias
conditions. For example, at a bias of −0.9 V, the conductance of the
DNA–coralyne complex was 10.77 × 10−6G0 (Fig. 2d), which is three
times that of the native DNA (3.30 × 10−6G0) (Fig. 2b). This striking
phenomenon was also observed using the SH-STMBJ technique.
To elucidate the variable conductance behaviour of the DNA–
coralyne complex under different bias voltages, we carried out
I–V measurements of native DNA and of the DNA–coralyne
complex by continuously sweeping the bias voltages (−1.1 to 1.1 V)
across single junctions stabilized by the free-holding action of
the SH-STMBJ technique27. The I–V evaluation of native DNA
revealed symmetrical current behaviour under opposite bias
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Figure 2 | Conductance histograms and typical conductance traces of native DNA and DNA–coralyne complex molecular junctions. a–d, Native DNA (a,b)
and DNA–coralyne complex (c,d) were measured with both CS-STMBJ and SH-STMBJ techniques under 0.3 V (a,c) and −0.9 V (b,d). A conductance
histogram and typical conductance traces obtained using both the CS-STMBJ and SH-STMBJ methods are shown to the left and right of the middle dashed
line, respectively. All histograms were constructed from 1,000–2,000 traces. Note that under −0.9 V, the conductance of the DNA–coralyne complex is three
times that of the native DNA, although they do not show a signiﬁcant difference under 0.3 V.

polarities (Fig. 3a). In stark contrast, the DNA–coralyne complex
exhibited decidedly asymmetrical I–V behaviour, with a sharp
increase in current under negative bias. The inset in Fig. 3a is a
graph overlay of the continuously measured I–V curves and the
static current measured under different bias voltages. Compared
with directly measured I–V characteristics, the static current,
obtained here by statistically averaging over a large number of molecular junctions, may obscure some of the detail revealed by the
direct I–V measurements. However, the I–V characteristics obtained
using either of the two methods agreed well with each other, thus
validating the measurements. The results therefore indicate that
the DNA–coralyne complex junction functions as a molecular rectiﬁer. We emphasize that the observed strong rectiﬁcation behaviour
is highly counterintuitive in light of the apparent symmetrical
molecular structure of the DNA–coralyne complex. Indeed, such
strong rectiﬁcation is an unprecedented feature exclusive to
DNA-based molecular devices. A complementary study performed
on poly d(CG)4 DNA, which eliminates the three mismatched base
pairs, shows the absence of rectiﬁcation (Supplementary Fig. 6),
suggesting the speciﬁcity of the designed mismatch sequence for
the observed I–V rectiﬁcation.
To describe rectiﬁcation, two quantities are necessary: the rectiﬁcation ratio (RR) and the switch-on voltage. Figure 3c presents RR
versus bias curves following RR = |Iforward/Ireverse| (here –I(V–)/I(V+))
for both the native DNA and the DNA–coralyne complex. In
contrast to the native DNA, the average RR of which was close to
unity within the entire bias sweeping regime, the DNA–coralyne
complex exhibited small RR values slightly above unity under low
bias (∼0–0.7 V) that increased sharply when the bias exceeded
0.7 V and then jumped to ∼15 at 1.1 V. We deﬁne the bias
voltage at which the RR value starts to deviate from unity toward
higher values as the switch-on voltage, which for this DNA–
coralyne molecular rectiﬁer is thus determined to be ∼0.7 V.
Given the symmetrical nature of the molecular structure of the
DNA–coralyne complex, its RR of 15—much greater than the RR
values (∼2–10) typically reported for molecular junctions with
asymmetric molecules or inconsistent molecule–electrode contacts—
is encouraging24,25. This value is also close to the theoretically estimated upper limit of RR (∼20) that can be achieved in a coherent
486

transport molecular junction system31. A much higher RR can
thus be expected when additional asymmetric factors, such as the
asymmetric environmental control of the junction system32 or
asymmetric gating33,34, are introduced into the demonstrated
DNA–coralyne junction system. Based on our promising results,
we believe that this DNA–coralyne junction system is an ideal
testbed for pushing the limits of experimental molecular rectiﬁcation
closer to achieving the goal of functional molecular devices.
Rectiﬁcation mechanism of DNA–coralyne complex junctions.
To explore the mechanism of DNA–coralyne complex junction
rectiﬁcation, we turned to theoretical calculations, central to
which is the assumption that the electron transport along the
DNA molecular junction is fully coherent, which is reasonable in
light of the short lengths of the DNA molecules used in the
present experiments (see Supplementary Fig. 8 for further
discussion)35,36. We used a fully coherent, tight-binding model for
the DNA junction37–40, graphically depicted in Fig. 4a. The
electronic states localized on the base units are deﬁned as |n,s〉,
where n denotes the position of the base along the DNA chain
and s denotes the strand (top or bottom). The double-strand
DNA molecule is encoded into a tight-binding double ladder,
described by the Hamiltonian
H=

11 



n, s〉〈n, s

+
s〉〈n + 1, s + h.c.)



+
(βn n, 1〉〈n, 2 + h.c.)
n
ϵ
s=1,2 n,s


s
(αn,n+1 n,
n,s
n=1

(1)

where ϵn,s are the onsite energies of the (excess) charges localized on
the |n,s〉 basis, αsn,n+1 are the intrastrand coupling matrix elements
between neighbouring bases, and βn are the interstrand coupling
matrix elements. These parameters for the native DNA, which
depend on the bases and their sequence (that is, the order of
bases), were evaluated in earlier theoretical studies41–43. However,
considering the possible electrostatic interaction between the
electrodes and the DNA chain, which is known to alter the
energetics of molecules in proximity to metallic surfaces,
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Figure 3 | I–V characteristics of native DNA and DNA–coralyne complex. a, Average I–V curves (solid line) over 40 individual curves (light shadow) of
native DNA (blue) and DNA–coralyne complex (red). Inset: Graph overlay of I–V curves with static current values (yellow circles, native DNA; cyan squares,
DNA–coralyne complex) under different bias voltages. b, Experimental (solid red line) and theoretical (dashed orange line) I–V curves for DNA–coralyne
complex (main panel) and native DNA (inset). c, Average rectiﬁcation ratios of native DNA (blue) and DNA–coralyne complex (red). Inset: Average rectiﬁcation
ratios of native DNA and DNA–coralyne complex over 40 individual rectiﬁcations versus bias voltage curves. d, Average differential conductance (dI/dV) of
native DNA (blue) and DNA–coralyne complex (red). Inset: Average dI/dV of native DNA and DNA–coralyne complex over 40 individual dI/dV curves.

the onsite energies of the bases that are in contact with the
electrodes44, ϵ1,1 and ϵ11,2 , are treated as free ﬁtting parameters.
To address the rectiﬁcation behaviour, an additional term that
phenomenologically describes the voltage drop across the junction45
was added to the Hamiltonian
11 


(2)
V n, s〉〈n, s
HV =
n=1
s n
where Vn is the shift in the local energy. Assuming that the voltage
proﬁle along the chain is linear and that a fraction φ of the total
voltage drop V falls on the DNA chain, the local potential shift
can be estimated via45


n−1 1
− V
(3)
Vn = φ
10
2
such that V1 = –(φV/2) and V11 = (φV/2), leading to a total voltage
drop of φV across the DNA chain and to a voltage-dependent
Hamiltonian. The value of φ is treated as a ﬁtting parameter. For
the electrodes, we calculated the current using the Landauer formalism in the frame of the wide-band approximation
(Supplementary equation (6))46.
Electron transport properties of native duplex DNA. The ﬁrst step
in characterizing DNA junctions is to calculate the transport
properties of the native duplex DNA. Considering that the local
onsite energies and coupling matrix elements are provided from
previous calculations, there are four ﬁtting parameters: the onsite
energy shift S1 at the edge sites in contact with the electrodes, the
level broadening Γ, the voltage drop fraction φ, and the electrode

chemical potential μ. We calculated the I–V curves and ﬁt the
theoretical curve with the experimental data by minimizing (using
a dynamic metropolis Monte-Carlo minimization algorithm47) the
squared difference of Itheory(V ) – Idata(V ).
Figure 3b (inset) shows the excellent agreement between the
experimental (solid blue) and theoretical (dashed green) I–V
curves and Supplementary Table 3 lists the ﬁtting parameters
obtained (with a deviation of <1% between experimental and theoretical data). We note that the chemical potential of gold that we
found with our ﬁtting procedure is close to its known value of
∼–5.1–5.3 eV. However, we found surprising values for two of the
ﬁtting parameters. First, the level broadening was ∼1 eV, much
larger than the values found in most molecular junctions (that
is, 10–3–10–1 eV). Second, the voltage drop along the junction was
extremely small. Because such strong molecule–electrode binding
usually results in a substantial voltage drop on the molecule, these
two unexpected ﬁtting parameter values seem to contradict
each other.
To unravel this apparent contradiction, we plotted the squared
amplitude |ψn|2 of the wavefunction of the DNA double strands
(orange, top strand; green, bottom strand) as a function of its position
along the DNA chain (Fig. 4b). Examining the wavefunctions closest
in energy to the chemical potential of the electrodes (that is, the state
that contributes most to the charge transport) shows that the wavefunctions are highly localized around the central area of the DNA
chain. Moreover, from the centre of the chain to its edges, the wavefunction weight drops by approximately eight orders of magnitude.
Therefore, despite its large level broadening value, the DNA junction
effectively behaves as a molecular level localized at the centre of the
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Figure 4 | Theoretical calculations based on the tight-bonding model. a, Schematic representation of the tight-binding model for the double-stranded DNA
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chain and very weakly coupled to the electrodes, which explains the
observed small voltage drop. In addition, the wavefunction exhibited
only slight asymmetry, which conferred on the native DNA its
relatively poor rectiﬁcation behaviour.
DNA–coralyne complex electron transport properties. To account
for the electron transport properties of the DNA–coralyne complex,
we postulated that intercalation of the two coralyne molecules
between the three A–A base pairs located at the centre of the DNA
strands would only alter the local energies of the surrounding
bases. Under this scenario, we can safely assume that parameters
related to DNA–electrode coupling (Γ, μ, S1 and φ) are not affected
and should be the same for the DNA–coralyne complex and for
the native duplex DNA. In addition, their values should match
those found above when ﬁtting the I–V curves of the native DNA.
On the other hand, the on-site energies of the central sites, that is,
close to the intercalation points of the coralyne molecules, are
altered and the numerical values obtained from the literature
cannot be used. Therefore, we deﬁne the local energy shifts (S5,1 ,
S6,1, S7,1 , S5,2 , S6,2 , S7,2) due to the presence of the coralyne41–43.
The coralyne-induced local energy shifts are new ﬁtting parameters that should be found by minimizing the difference between
the theoretical and experimental I–V curves. We note, however,
that we are unable to ﬁt the experimental curve with high accuracy
(<1%) without breaking all the spatial symmetries in these sites. For
example, one could imagine that the symmetry Sn,1 = Sn,2 , n = 5,6,7
exists, but we found that this is not the case, a logical outcome dictated
by the asymmetry of the coralyne molecule. The ﬁtting results show
that the theoretical I–V curve and the corresponding experimental
I–V curve agree well with each other (Fig. 3b).
To understand the origin of the rectiﬁcation, we again plotted the
squared wavefunction |ψn|2 for the DNA level closest to the electrode
Fermi level (Fig. 4c). In contrast to the wavefunction of native DNA,
that of the DNA–coralyne complex exhibits striking asymmetry, such
that a difference of four orders of magnitude was found between the
wavefunction weights at the left and right edges. The spatial asymmetry induced by coralyne intercalation thus explains the strong
rectiﬁcation by the DNA–coralyne complex.
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We also measured the current through the single-molecule junction by cyclically sweeping the bias between −1.2 and 1.2 V
(Supplementary Fig. 10), which showed a large hysteresis under
negative bias for the DNA–coralyne complex, a ﬁnding that is in
contrast to the well overlapped forward and backward currents of
native DNA and that suggests a bias-dependent structural
change45,48. When the voltage drops along the chain, the response
to the voltage drop, which depends on the direction of the bias
drop due to the above-mentioned asymmetry, is different, thus
leading to a dependence of the transmission function, and consequently the current, on bias direction. This observation is in good
agreement with the experimental dI/dV result, which shows a pronounced asymmetry in the local density of states that contributed to
the current under opposite bias directions (Fig. 3d). It is surprising
that such strong rectiﬁcation behaviour can be achieved with such a
small value of the voltage drop fraction φ ≈ 2 × 10–4, a ﬁnding that
demonstrates the strong sensitivity of the transport properties to
local conditions.
We explored the role of the voltage drop further by plotting the
transmission function T(ω,V) of the DNA–coralyne complex for
three voltage values, V = –1.1, 0 and 1.1 V (Fig. 5a). The ﬁrst conclusion that can be drawn from Fig. 5a is that electron transport
through the DNA is indeed dominated by a single orbital (HOMO
level, that is, the level at which the energy is closest to the chemical
potential). Second, it can also be concluded that the voltage drop
along the junction (which is small due to the small value of φ) does
not affect the position of the resonance. Considering that the coralyne
molecules intercalated between three mismatched A–A base pairs, this
result coincides with those of previous reports showing that the
HOMO of DNA molecules is dominated mainly by the HOMO of
guanine bases, which are not expected to be perturbed in our case8,12.
However, the substantial change induced by coralyne intercalation
is conferred by the off-resonance background transmission.
A more detailed examination of the wavefunction reveals that
the large background transmission enhancement is related to a
four-order increase in the magnitude of the coupling between the
electrodes and a level lying about 1.65 eV away from the chemical
potential, that is, the HOMO−1 level. This outcome is seen in
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Fig. 5b, where the HOMO and HOMO−1 contributions to the
transmission function (solid and dashed lines, respectively) are
plotted for bias voltages V = –1.1 and 1.1 eV (blue and green
lines). We can thus conclude that although the overall conductance
is dominated by the level closest to the electrodes’ chemical potentials, the rectiﬁcation behaviour is in fact due to a voltage-dropinduced change in the coupling (and resulting transmission) of
the HOMO−1 level.
The picture that emerges from these calculations is thus the
following. Although the native DNA exhibits some asymmetry, it
is not sufﬁcient to generate substantial rectiﬁcation, especially in
light of the small voltage drop on the molecule. When coralyne is
intercalated between the DNA strands, the asymmetric structure
of the coralyne molecule induces additional asymmetry onto the
DNA orbitals. This asymmetry is manifested mainly in a shift in
the orbital structure of the wavefunctions but not in the orbital
energies (see Supplementary Fig. 7 for further discussion). The most
striking consequence of this change is an increase in the effective
coupling between the HOMO−1 orbital and the electrodes (which is
in itself asymmetric, being very small for positive bias and large for
negative bias). Thus, the HOMO−1 conduction channel, which is
off-resonant and governed by the level broadening for all voltages
studied, is the one mostly affected by the coralyne intercalation.
To the best of our knowledge, our ﬁnding that coralyne intercalation only manipulates the HOMO−1 transmission function by
increasing its coupling strength without perturbing the frontier
orbital of HOMO is a feature unique to DNA–coralyne complex
molecular junctions. We note that this rectiﬁcation mechanism is
essentially different from any models proposed in the past to
account for the rectiﬁcation behaviour of molecular junction
systems that possess asymmetric molecular cores dominated by a
single orbital asymmetrically coupled to the electrodes19,49,50. We
point out, however, the resemblance between the mechanism we
suggest here and a similar mechanism in molecular junctions
responsible for negative differential conductance, where a bias
voltage drop along an asymmetric molecule changes the effective
coupling between the molecular orbitals and the electrodes45.
In summary, we have constructed a molecular rectiﬁer based on
intercalating speciﬁc, small molecules into designed DNA strands.
Characterization by diverse STMBJ techniques of the electronic transport properties of molecular junctions consisting of native DNA or of
a DNA–coralyne complex showed drastic differences. The I–V curves
of the single DNA–coralyne complex junction device exhibited a
strong rectiﬁcation ratio of around 15 at 1.1 V. Using the NEGF
method, calculations based on a coherent tight-binding model
revealed that the rectiﬁcation is predominantly caused by the

coralyne-induced spatial asymmetry, which leads to voltage-dropinduced changes in the coupling and transmission functions of the
molecular HOMO−1 level. Not only do these results offer a new
method for studying the DNA–molecule interaction, they also
suggest a novel strategy for engineering molecular electronic elements
based on a speciﬁcally designed functional DNA complex.

Methods
DNA–coralyne complex sample preparation. The DNA–coralyne complex was
prepared by mixing equivalent amounts of DNA (5′-CGCGAAACGCG-3′-SH) and
coralyne in PBS. The DNA–coralyne mixture was heated to 80 °C in a water bath and
allowed to return slowly to room temperature for annealing and formation of the
DNA–coralyne complex. The ﬁnal concentration of DNA–coralyne complex used in
subsequent electrical measurements was 3 µM. As a control, the complementary
duplex DNA was prepared in the same concentration using identical methods. Once
the DNA–coralyne complex was acquired, it was applied to a freshly annealed Au(111)
surface to form a self-assembled monolayer. Immediately after 40 min incubation, the
samples were measured. The Au substrate was made by thermally evaporating an
Au layer (thickness of ∼100 nm) on a freshly cleaved mica surface. Before using the
Au substrate, it was annealed by hydrogen ﬂame to form a Au(111) surface.
Molecular junction formation and electrical measurements. Electrical
measurements were performed in PBS buffer on a PicoPlus SPM system (Molecular
Imaging) with a PicoScan 3000 controller (Molecular Imaging). Sheared gold wire
with a diameter of 0.25 mm (99.999%, Alfa Aesca) coated with wax was used as an
STM tip. The measurements were carried out with both CS-SPMBJ and SH-SPMBJ.
For CS-STMBJ, the STM tip was ﬁrst driven by a piezoelectric transducer (PZT)
close to the DNA–coralyne complex monolayer on the Au surface until the current
reached a preset value, which indicated that the Au–DNA–Au junctions had formed.
Subsequently, a current–distance trace was recorded while simultaneously retracting
the STM tip. Typically, 1,000–2,000 traces were collected for a given experimental
condition at a retrace rate of 24–30 nm s−1. For SH-STMBJ, the retraction was
divided into two processes: abrupt stretching and free holding of the molecular
junctions by withdrawing the STM tip by ∼0.6 nm and then holding it stably in
position for 25 ms. The stretching–holding processes, which were controlled by a
homemade LabView computer program, were alternately implemented until the
molecular junctions were completely broken. The current–distance traces were
measured at different biases using these two different techniques to study the
electrical properties of the DNA–coralyne complex. In the present system, the
external bias was applied on the substrate with the tip grounded.
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