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Revealing the direct effect of individual
intercalations on DNA conductance toward
single-molecule electrical biodetection†

Xiaolong Wang,‡a Li Gao,‡a Bo Liang,b Xin Lib and Xuefeng Guo*ac

Monitoring complex interactions of biological systems at the molecular

level provides new opportunities to uncover fundamental details of the

basic processes of life, of crucial importance to biology, diagnosis and

drug discovery. Here, we detailed a reliable single-molecule electrical

approach for achieving label-free, ultrasensitive electrical detection of

DNA functions, using DNA intercalations by individual EB/SGs as a

representative, based on DNA-functionalized molecular junctions. The

analysis principle relies on the distortion mechanism of intercalative

binding on the structural integrity of DNAs at the single-event level,

resulting in significant step-wise changes in DNA charge transport.

Such an understanding led to direct, rapid intercalator detection with

subfemtomolar sensitivity. This single-molecule electrical approach

provides a foundation for future molecular dynamics studies with

single-molecule sensitivity, which will lead to direct observation of

new effects and fundamental discoveries of the details of the most

basic processes of life.

Monitoring complex interactions between biomolecules at the
molecular level, such as intercalative DNA binding that is
ubiquitous in biological systems, is fundamentally important
for a wide variety of biological functions (such as DNA synthesis
and gene expression), which holds great potential for applica-
tions in different areas ranging from DNA visualization and gene
mutation detection to disease diagnosis and drug discovery.1–4

Therefore, many reports have investigated the intercalative
effects of planar polycyclic aromatic organic intercalators, such
as ethidium, acridine, metal complexes and their derivatives,

on the physicochemical properties of DNAs.1–7 In this study, we
described a unique method for directly probing how these
individual intercalative interactions affect the electrical proper-
ties of DNAs based on DNA-functionalized molecular junctions,
using two widely used intercalators (ethidium bromide (EB)
and SYBR Green I (SG)) as representatives (Fig. 1). The feature
of particular interest used here is that these fundamental
intercalation processes, through either classical intercalation
or groove binding,5–7 lead to profound changes in the structural
integrity of DNAs, such as stabilization, lengthening, stiffening,
and unwinding of the double helix.8,9 The degree of DNA
bending varies depending on the intercalators.10–13 For example,
the intercalation of EB both increases the distance between base
pairs by approximately 0.3 nm and unwinds the double helix by
261.14–16 To explore how these intercalation-induced local distor-
tions and/or unwinding of the DNA structures change the charge
transport properties of DNAs,17–19 single DNA duplexes were
integrated into electrical nanocircuits. These nanocircuit-based
architectures displayed the capability of achieving direct, label-
free, rapid electrical detection of intercalating interactions at the

Fig. 1 Schematic representation of DNA-functionalized molecular junctions
used for examining the effect of EB or SG intercalations on DNA charge
transport, and the molecular structures of EB6 and SG.28
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single-event level, thus providing a reliable single-molecule
electrical approach that is able to interface electronic circuits
with biological systems by using DNAs as conductive bioc-
ompatible bridges. These findings also created fast, label-free,
and low-cost tools for detecting trace amounts of target ana-
lytes. In fact, the utility of the intercalation-induced distortion
of the DNA structures is an important method to produce novel
activities and build new types of optical or electrochemical
DNA-based biosensors.20–27

To date, several approaches based on nanomaterials and nano-
structures have been successfully developed for ultrasensitive elec-
trical biosensor fabrication, including carbon nanomaterials,29–38

silicon nanowires,39–42 nanopores/nanoclusters,43,44 molecular
junctions,45–49 and others.50,51 Recently, we and our coworkers
developed two lithographic methods to covalently wire one or a
few molecules onto both facing ends of nanogaps (r10 nm), in
either single-walled carbon nanotubes (SWNTs) or graphene, to
build stable molecular electronic devices.52,53 An important
feature of these techniques is the ability to build robust molecule–
electrode linkages by covalent amide bond formation, which can
tolerate a wide range of chemical treatments. In conjunction with
the electrical properties of carbon-based electrodes and the ease of
device fabrication, the stability of the devices promotes carbon
electrode-based molecular junctions as reliable testbeds for mole-
cular electronics.54–56 This provides the foundation for monitoring
biomolecular interactions at the single-event level.

In the following study, DNA-functionalized molecular junc-
tions were formed from indented graphene point contact arrays
generated by a dash-line lithographic (DLL) method.53 The
fabrication details can be found in the ESI.† Under optimized
conditions, the maximum connection yield for DNA molecules
was approximately 27%, which corresponded to the cutting
yield of approximately 36%.57 On the basis of these data, the
analysis of the number of junctions that contribute to charge
transport, using the binomial distribution, demonstrated that
in most cases, only one or two junctions contribute to the
charge transport of the devices.53

Fig. 2a shows the comparison of the current–voltage (I–V)
curves of a representative DNA-reconnected device before and
after cutting (forming a nanogap by electron beam lithography
and oxygen plasma etching), respectively. In brief, the black
curve shows the source–drain current (ID) plotted against the
gate voltage (VG) at constant source–drain bias voltage (VD =
�50 mV) before cutting. We note that all the graphene devices
before cutting exhibit p-type electric field effects with little gate
dependence because the neutrality point (INP) of graphene
shifted to the more positive value, which is probably due to
chemical doping and/or charge transfer induced by etching
agents and polymer resists used (iron nitrate and PMMA). The
red curve, obtained after cutting, shows no conductance down
to the noise limit of the measurement (r100 fA) because of the
nanogaps. To eliminate possible artifacts from gate hysteresis,
all the I–V curves were carefully acquired on the same measure-
ment cycle, while scanning from positive to negative biases. We
observed very stable I–V curves for these devices under fixed
experimental conditions and then they were used to detect DNA

connection and for sensing functions. Treatments of either
DNAs or intercalators change the conductance of pristine
graphene because of nonspecific adsorption of molecules on
the surface of graphene through p–p interaction (Fig. S1a,
ESI†). Therefore, Triton X-100 (1%, V/V), a nonionic surfactant,
was used to treat the graphene surface. This treatment is
important because Triton X-100 can be adsorbed onto graphene
surfaces as a blocking layer to prevent nonspecific binding of
both DNAs and intercalators on graphene, as demonstrated in
Fig. S1b (ESI†). It is also known that the ionic strengths and
concentrations of the solution in which the measurement
is carried out may influence the device current. Therefore,
we carefully performed the measurements under the same
conditions as described in the ESI.† These efforts rule out
potential artifacts originating from the effects of nonspecific
adsorption or ions on the device conductance, which is con-
sistent with previous studies on polymer coating for selective
biofunctionalization.58,59 After the completely cut devices were
treated with Triton X-100, we used them for DNA connection.
After DNA connection, we observed the recovery of the device
conductance, albeit at reduced current values (blue trace in
Fig. 2b). These observations were consistent with our previous
reports.52,53

After further EB treatment (1 � 10�7 mol L�1) for 30 minutes,
we observed an obvious decrease in device conductance (green
trace in Fig. 2b). This observation could be explained by the fact
that EB intercalation results in the distortion of the p-stacking
integrity of the double helical structure, as shown by previous
reports.15,16 This distortion of the structural integrity of DNA
duplexes varies the DNA charge transport, consistent with
previous studies that demonstrated the sensitivity of DNA
conductivity to protein binding.17 To rule out other potential
artifacts originating from Schottky barrier modification and/or

Fig. 2 (a) Device characteristics of a representative DNA-rejoined junction
before (black) and after (red) cutting. The structure of the DNA used can be
found in the ESI.† (b–d) Device characteristics of different DNA-rejoined
devices after DNA connection (blue) and after further EB treatments (green)
at different concentrations (b: 5.0 � 10�7 mol L�1; c: 5.0 � 10�10 mol L�1;
d: 5.0 � 10�13 mol L�1) for 30 minutes. All measurements were performed at
VD = �50 mV.
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nonspecific surface adsorption, we performed control experiments
using partially cut graphene devices where the graphene was not
fully cut during oxygen-plasma etching. We found that none of the
devices showed detectable variations in conductance under the
same operating conditions (Fig. S2, ESI†). This is reasonable
because both the graphene surface and the contact interface
between gold and graphene have been protected by Triton X-100.
In addition, control experiments monitoring the conductance of
DNA-rejoined devices in an ambient environment and after water
treatments (Fig. S3, ESI†) did not show obvious current changes,
thus excluding possible effects of either the detection environment
or water. To prove the universality of this observation, we also
tested another intercalator, SG, to carry out the same experiments.
We observed similar results to those gained using EB, as shown in
Fig. 3a and b.

To test the sensitivity of these graphene–DNA junctions,
we investigated their electrical behaviors by simply altering
the intercalator concentrations. Different DNA-rejoined devices
were used for each EB or SG concentration. Fig. 2c, d and 3c, d,
show representative I–V curves in each case, before and after EB
or SG treatments. Consistently, all the working devices (at least
20 devices) displayed conductance decreases to different
extents, although there were variations in conductance from
device to device, thus demonstrating good detection reliability
and reproducibility. The highest sensitivities achieved were at
approximately 5.0 � 10�13 mol L�1 for EB and approximately
2.0 � 10�14 mol L�1 for SG. Remarkably, these detection limits
are significantly lower than those of previously reported DNA
sensors, such as 2.0 � 10�10 mol L�1 (EB),60 5.0 � 10�9 mol L�1

(EB),61 and 6.0 � 10�8 mol L�1 (SG).28 In principle, our devices
could be employed to sense intercalative DNA binding at the
single-molecule level because they have only one or at most two
DNA duplexes for intercalation, as demonstrated below.

The dynamic process of DNA intercalation was carefully studied
by real-time monitoring of the interacting processes between
DNAs and targets of interest by electrical signals through a simple
dipping method. Fig. 4a and b show the time traces of the
intercalation processes at different EB concentrations. Fig. 4c
shows the corresponding changes in current ratios (I/I0, I0 is the
original ID) as a function of time. We found that the collective
diffusion and binding of EB molecules were concentration-
dependent while the intercalation rate of individual EBs
is similar, completed within 30 seconds. The former time-
dependent behavior is reasonable, because the rate of the
binding reaction between individual DNAs and EB molecules
is proportional to the EB concentration, although the actual
diffusion rate of individual EBs does not change at different EB
concentrations. If the concentration of EB is lower, the reaction
rate is generally slower, resulting in a longer reaction time.
More interestingly, the binding process at each concentration
displayed consistent step-wise current decreases. Although the
concentrations had a six-order-magnitude difference, they
showed surprising dynamic procedures, with the same number
of ‘‘steps’’ and similar values of the corresponding current
ratios (approximately 70%, 40% and 20% for the different
steps, respectively). After EB treatments for a sufficient time
(30 minutes), the ultimate current ratio was approximately

Fig. 3 (a, b) Comparisons of the electrical characteristics of the same
device before cutting (black), after cutting (red), after DNA connection
(blue) and after further SG treatments (green) (2.0 � 10�12 mol L�1).
(c, d) I–V curves of another two working devices after DNA connection
(blue) and after further SG treatments (green) at different concentrations
(c: 2.0 � 10�13 mol L�1; d: 2.0 � 10�14 mol L�1). The time for SG treatments
is about 30 minutes. All measurements were performed at VD = �50 mV.

Fig. 4 (a, b) Changes in ID as a function of time at different EB concen-
trations (a: 5.0 � 10�7 mol L�1; b: 5.0 � 10�13 mol L�1). (c) Comparisons of
the corresponding ID change ratios (black: 5.0 � 10�7 mol L�1; blue: 5.0 �
10�13 mol L�1). (d) EB degradation process of the same device used in
(b) when exposed to light after EB treatment. The light intensity was
approximately 12.8 mW cm�2. (e) Control experiment using the same
device before EB treatment, showing no obvious ID changes under the
same irradiation conditions. All the measurements were performed at
VD = �50 mV and VG = 0 V.
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20%, which was consistent with the results shown in Fig. 2.
This observation can be explained by the fact that our device
consists of only one or at most two DNA molecules spanning
the nanogaps. The feature of three steps suggests that the
double-stranded DNAs of about 20 base pairs used here could
adopt three individual EB molecules, which is consistent with
the results reported previously.8,9 This sensing property without
concentration dependence proved that these devices could be
used to monitor EB intercalations at the single-event level.
Similar results were reported recently in a study based on an
optical method.62 Unlike EB intercalation, SG intercalation did
not produce consistent results (the final current ratio) at
various concentrations (Fig. 3). This difference between the
effects of EB and SG intercalations on DNA charge transport
stems from their specific intercalating modes: classical insertion
for EB6 and groove binding for SG.28 The former can break the
p-stacking integrity of DNA base pairs that form the conducting
channel, while the latter only induces the interaction of inter-
calators with DNA major and/or minor grooves, which has
weaker and uncertain influences on the charge-transporting
properties of DNAs.6

Finally, to further prove the above-observed effect of EB
intercalation on DNA conductivity, the time-dependent process
of EB degradation upon exposure to light was explored. After
fresh DNA-rejoined devices were treated with EB molecules for
30 minutes, they were exposed to light with an intensity of
approximately 12.8 mW cm�2. Fig. 4d shows the conductance
recovery dynamics of the same device used in Fig. 4b. With the
increase in exposure time, the DNA conductance converted
back to nearly 70% of its original value in a step-wise manner
(response time, approximately 30 seconds), which is exactly
opposite to the EB intercalation demonstrated above. This is
because light induces the gradual decomposition of individual
EBs, thus leading to the step-by-step recovery of the initial
conformation (and thus the initial conductance) of DNAs.
The presence of EB residues after degradation hampers the
full recovery of the initial conformation of DNAs; therefore,
the DNA conductance could not completely recover the initial
value. Control experiments using the same device before EB
treatment did not show obvious current changes under the
same irradiation conditions (Fig. 4e). Again, this strongly
proves the important role of EB intercalation in the electrical
properties of DNAs.

In summary, we described a reliable single-molecule electrical
biosensor for directly revealing the intrinsic effect of individual
EB/SG intercalations on DNA charge transport based on DNA-
functionalized molecular junctions. The analysis principle relies
on the distortion mechanism of intercalative binding on the
structural integrity of DNAs at the single-event level, resulting
in significant step-wise changes in DNA conductance. Such an
understanding offered direct, rapid intercalator detection with
subfemtomolar sensitivity. Compared with traditional optical
methods, this nanocircuit-based architecture is complementary,
but with obvious advantages such as avoiding problems with
bleaching and fluorescence labelling. Therefore, this single-
molecule electrical approach provides a foundation for future

molecular dynamics studies with single-molecule sensitivity,
which will lead to direct observation of new effects and funda-
mental discoveries of the details of the most basic processes
of life. We expect that this approach will stimulate research in a
wide variety of fields, for example fundamental biology, clinical
diagnostics, health improvement, drug discovery, and bio-
terrorism prevention.
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