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Single-molecule determination of chemical equilibrium of DNA 
intercalation by electrical conductance
Lu Zhang, Satoshi Kaneko, Shintaro Fujii, Manabu Kiguchi, and Tomoaki Nishino*

We investigated a single-molecule reaction of DNA intercalation as 
an example of a bimolecular association reaction. Single-molecule 
conductance values of the product and reactant molecules 
adsorbed on an Au surface were measured to identify and quantify 
these molecules. The binding isotherm was constructed, and the 
association constant of the reaction was determined on a single-
molecule basis.

In the past decades, considerable advances have been made to 
analyze a single molecule and to explore the single-molecule 
phenomenon.1-3 A representative example of such an 
investigation is molecular electronics,4,5 wherein a single 
molecule is utilized as an electronic component, e.g., single-
molecule switches,6 diodes,7 and transistors.8 Furthermore, the 
development of single-molecule science has spurred the 
investigation of a chemical reaction at the single-molecule 
level.9-11 Tracing reactions occurring in a single molecule or 
between single molecules can offer insights into mechanistic 
knowledge overlooked in conventional ensemble 
measurements. For example, single-molecule studies can reveal 
stochastic fluctuations of a reaction at its equilibrium and can 
help to directly map the reaction potential surface. These 
insights, offered by the observation of the single-molecule 
reaction, lead to an exploration of novel chemical 
transformations.

Single-molecule junctions have been widely utilized in the 
investigation of the electronic properties of a single molecule. A 
molecular junction is prepared by embedding the target 
molecule into a nanogap between electrodes based on the 
break-junction technique using scanning tunneling microscopy 
(STM-BJ)12,13 or on the mechanically-controllable break 
junction14-16 technique. The electrical conductance of a single 
molecule has been extensively studied using a molecular 

junction to develop single-molecule devices.17 Moreover, the 
electron-transport properties of a molecular junction are largely 
affected by the chemical identity of the molecule in the 
junction.5 This effect opens a way for the sensing application of 
single-molecule junctions, which achieves a single-molecule 
sensitivity, together with a label-free electrical detection like 
field-effect transistor sensors.18,19

Besides the sensing applications, it is anticipated that single-
molecule junctions offer an opportunity to investigate single-
molecule reactions by detecting the molecular transformations 
concomitant to the chemical reaction of embedded molecule. 
Guo and co-workers successfully studied the kinetics of a 
nucleophilic addition reaction of a single molecule by using a 
stable molecular junction based on graphene electrodes.20 We 
recently studied a DNA hybridization reaction using molecular 
tips of nucleic acids to reveal the reaction kinetics at the single-
molecule level.21 From a kinetic perspective, significant 
advances have been made in single-molecule reactions, as 
exemplified above. However, the thermodynamic description of 
a single-molecule reaction still remains elusive.22,23

In the present study, we developed a methodology to argue 
the thermodynamics of single-molecule reactions based on the 
quantification of single molecules. Single-molecule detection by 
electrical measurements using STM-BJ was applied to the 
reaction of the intercalation of a dye molecule, ethidium 
bromide (EB), to double-stranded DNA as an example of a 
bimolecular association reaction. The intercalation reactions of 
this kind have been utilized in a wide range of applications, 
including bioassays, therapeutic treatments, and creation of 
functional nanostructures.24,25 Distinct differences were found 
in the single-molecule conductance values of the product (EB–
DNA complex) and reactants (EB and DNA). Consequently, the 
present electrical measurements enabled the discrimination 
and quantification of each chemical species for the 
thermodynamic analysis. The present research offers a novel 
way for the thermodynamic description of a single-molecule 
reaction, which would provide the energetic perspectives of 
such reactions. It has been demonstrated that the electronic 
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structure of a molecule, which plays a decisive role in chemical 
reactions, is significantly altered when the molecule is 
embedded in the junction.26 We, therefore, expect that the 
present method leads to exploration of novel reactivities of 
molecules in the nanogap between metal electrodes.

We addressed the equilibrium of a complexation reaction 
between DNA and EB on a single-molecule basis (Fig. 1a). 
Double-stranded DNA (5'-GCTTGTTG-3' and its complementary 
strand) served as the sample, and the thermal stability of the 
DNA was confirmed by measuring the melting temperature (Fig. 
S1, ESI†). A thiol-containing linker group, i.e., -(CH2)3SH, was 
introduced at the 3' terminal of each strand for the 
chemisorption of the duplex on the substrate and the STM tip 
via S–Au bonding. First, the single-molecule conductance values 
of each reactant and product, i.e., DNA, EB, and EB–DNA 
complex, was determined using the STM-BJ technique in air at 
room temperature. The Au STM tip was first driven to approach 
the Au(111) substrate modified with the target molecule under 
ambient conditions. When the tip was pulled away from the 
substrate, the conductance, calculated from the tunneling 
current, was recorded as a function of tip displacement (see 
ESI† for the experimental procedures). The resulting 
conductance traces obtained using an Au substrate modified by 
immersion in a 0.1 M PBS solution containing 1.0 μM DNA 
exhibited characteristic plateaus (Fig. 1b, inset). The plateaus 
indicate the formation of single-molecule junctions.12 For 
statistical analysis, thousands of traces were integrated to 
construct the conductance histogram (Fig. 1b). An obvious peak 
characterizes the histogram, which corresponds to the most 
probable conductance of the junction. The conductance of the 
present single-molecule junction of DNA was determined to be 
2.5 × 10−4 G0, where G0 stands for the conductance quantum 
and equals to 2e2/h (e and h are elementary charge and the 
Planck constant, respectively).

Fig. 1 (a) Schematic of measurements of single-molecule conductance. Au substrates 
modified with DNA, EB, or mixture of DNA, EB, and EB–DNA complex served as sample 
surfaces. Conductance histogram for the single-molecule junctions of (b) free DNA, (c) 
EB, and (d) EB–DNA from STM-BJ measurement under a bias voltage of −50 mV. Insets 
show respective representative conductance traces. The histograms of b, c, and d were 
created from 1385, 1684, and 1253 traces, respectively.

Similar STM-BJ studies were performed with the substrate 
immersed in a PBS solution containing 1.0 μg/ml EB and in a PBS 
solution containing both 1.0 μM DNA and 1.0 μg/ml EB (Fig. 1c 
and 1d, respectively). Consequently, the single-molecule 
conductance of EB and DNA–EB complex was consequently 
determined to be 6.1 × 10−4 G0 and 2.2 × 10−3 G0, respectively 
(see ESI† for detailed discussions), both of which is in 
accordance with our earlier report.27

The single-molecule conductance values of the chemical 
species relevant to the complexation reaction were successfully 
determined using the STM-BJ technique, and the distinct 
differences among them help identify a single molecule based 
on the electrical measurements. Thus, the single-molecule 
conductance was utilized to determine the equilibrium constant 
of the complexation reaction. The substrate immersed in the 
mixed solution of 1.0 μM DNA and 1.0 μg/ml EB served as the 
sample substrate. The substrate was immediately blown dry 
after immersion to preserve the equilibrium state, that is, the 
ratio of the product to the unreacted reactants, in the solution. 
To measure the probabilities of finding the reactants and 
products on the surface, the formation of the single-molecule 
junction was monitored in the time domain by current–time (I–
t) measurements.28,29 Unlike the STM-BJ measurement, the 
STM tip was frozen above the sample surface at a constant 
distance with the STM feedback disabled, and the current was 
recorded as a function of time. Data were continuously 
recorded without involving the tip movements. In this way, 
large datasets can be obtained easily, leading to statistically 
robust analyses.

Fig. 2a shows the representative I–t traces obtained using 
the Au(111) substrate modified with a mixed solution 
containing 1.0 μM DNA and 1.0 µg/ml EB. Sudden increases in 
the tunneling current over the stable background current were 
repeatedly observed. These current jumps arise due to the 
spontaneous formation of single-molecule junctions.28-30 Thus, 
single-molecule conductance can be estimated based on the 
increasing current values relative to the set-point current. The 
traces exhibited a variety of conductance values, as seen in Fig. 
2a, indicating the formation of more than one type of molecular 
junction. In the short time period as in Fig. 2a, plateaus showing 
the similar conductance appeared, but those with a variety of 
conductance were observed for a longer duration. To 
statistically determine the conductance, 6000 traces were 
analyzed to extract the current jumps using an automated 
algorithm, i.e., adaptive threshold analysis,31 and the 
conductance histogram was constructed as shown in Fig. 2b. 
Three distinct conductance groups appeared in the histogram: 
a low-conductance group at 2.5 × 10–4 G0; a medium-
conductance group at 7.6 × 10–4 G0; and a high-conductance 
group at 2.8 × 10–3 G0. The conductance of each group 
reasonably agrees with the conductance determined using the 
STM-BJ technique (Fig. 1), and we ascribe the low-, medium-, 
and high-conductance groups to the formation of single-
molecule junctions accommodating DNA (blue), EB (orange), 
and EB–DNA complex (green), respectively.

We prepared more samples where the substrates were 
immersed in solutions with various concentrations of EB. These 
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samples were then subjected to I–t measurements. Current 
traces similar to those in Fig. 2a were obtained, and the three 
states appeared again in the resulting conductance histograms 
(see Fig. 2c for the analysis where 10 μg/ml EB was used and see 
Fig. S2 in ESI† for other examples). The conductance value of 
each state in reasonable agreement with the one observed in 
Fig. 2b (Table S1, ESI†). However, the peak intensities were 
found to be dependent on the EB concentration (Fig. S3, ESI†). 
A comparison between Fig. 2b, 2c, and Fig. S2 in ESI† shows that 
the peak intensity of the low-conductance state notably 
decreased as the EB concentration increased. In contrast, the 
intensities of both the medium- and high-conductance states 
decreased with an increase in the EB concentration. The 
chemical assignment of each conductance state explains the 
intensity changes. With low EB concentration (e.g., Fig. 2b), the 
content of unreacted DNA (assigned to the low-conductance 
state) increases, while the excess amount of EB (e.g., Fig. 2c) 
results in an increase in the content of EB–DNA complex and 
unreacted EB (high- and medium-conductance states, 
respectively). We found in the previous study that the single-
molecule conductance of DNA junctions does not depend on 
the surface coverage of DNA,32 which assures the results of the 
present measurements involving the sample surfaces with 
different DNA coverages.

Fig. 2 (a) Current traces and (b) conductance histogram acquired by I–t measurements 
using substrate modified in the solution of 1.0 μM DNA and 1.0 µg/ml EB. (c) 
Conductance histogram obtained by I–t measurements. The solution of 1.0 μM DNA and 
10 µg/ml EB was used for substrate modification. Bias voltage of 50 mV and set-point 
current of 5 nA were employed for the I–t measurements. Both the histograms of b and 
c were compiled from 6000 traces.

Fig. 3 (a) Plot of peak area for EB–DNA junction of conductance histogram, obtained by 
I–t measurements, as a function of total EB concentration. (b) Plot of fluorescence 
intensity at λmax as a function of total DNA concentration. Fluorescence and DNA 
concentrations were normalized by maximum fluorescence intensity and total EB 
concentration, respectively. The inset shows fluorescence spectra.

The conductance histograms shown in Fig. 2b and c and Fig. 
S2 in ESI† show concentration-dependent behavior, and thus, 
we anticipate that the observed peaks allow for the 
quantification of the chemical species. The peak area of the 
conductance histogram corresponds to the sum of the data 
points included in the plateaus of the current traces. Each 
plateau arose from the formation of a molecule junction whose 
observation probability could reflect the number of molecules 
adsorbed on the sample surface. Hence, the area of the peak 
corresponding to the EB–DNA single-molecule junction, SEB–DNA, 
can be calculated using the concentration of EB–DNA in the 
solution used to modify the substrate:

(1)𝑆EB ― DNA = 𝜏𝑃[EB ― DNA]

where τ and P are the average lifetime and formation 
probability of the molecule junction, respectively. Meanwhile, 
the association constant of the present reaction, Ka, is 
expressed as:

(2)𝐾a =
[EB ― DNA]
[EB][DNA]

Rearrangement using the total concentrations of EB and DNA, 
[EB]tot and [DNA]tot, respectively, and substitution of equation 1 
affords the following expression (see also ESI†):

𝑆EB ― DNA =
𝜏𝑃
2

{ 1

𝐾SM
a

+ [𝐸𝐵]𝑡𝑜𝑡 + [𝐷𝑁𝐴]𝑡𝑜𝑡 ― ( 1

𝐾SM
a

+ [𝐸𝐵]𝑡𝑜𝑡 + [𝐷𝑁𝐴]𝑡𝑜𝑡)2
― 4[𝐸𝐵]𝑡𝑜𝑡[𝐷𝑁𝐴]𝑡𝑜𝑡 }

(3)

The superscript SM of Ka in equation (3) denotes the single-
molecule measurements. Based on the condition that [DNA]tot 
was kept constant in the experiments reported in Fig. 2 and Fig. 
S2 in ESI†, the binding curve was constructed using SEB–DNA as a 
function of [EB]tot (Fig. 3a). Then, the binding isotherm of 
equation (3) was fitted to the experimental curve via the 
Levenberg–Marquardt least-squares routine, and 
consequently, Ka

SM of 4.3 × 105 M−1 was obtained through 
single-molecule studies. It should be noted that the 1:1 binding 
mechanism was assumed for the DNA–EB complex in the 
discussion above, which was rationalized by fluorescence 
measurements (see below).

We next validated the association constant Ka
SM based on 

the comparison with the corresponding value of the molecular 
ensemble. Hence, fluorescence spectroscopic studies were 
performed to investigate the binding between EB and DNA in 
the solution for obtaining the association constant determined 
by the conventional ensemble measurement, Ka

EN. Apart from 
the difference in the number of molecules, the comparison 
between Ka

SM and Ka
EN involves difference in the measurements 

on the surface and those in the solution. However, the method 
to prepare the sample surface ensured that the equilibrium in 
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the solution was preserved on the surface (see ESI† for the 
experimental procedures), which allowed for the direct 
comparison between Ka

SM and Ka
EN. The 1.0 μM EB solution was 

titrated against 500 μM DNA solution, and the binding isotherm 
was obtained based on the maximum fluorescence intensities 
(Fig. 3b). The fitting of this isotherm yielded Ka

EN of 5.0 × 105 
M−1. This value is in reasonable agreement with literature,27 and 
importantly, the association constant determined by the 
statistical analysis of the single-molecule measurements, Ka

SM, 
agrees with that deduced by the ensemble measurements, Ka

EN. 
In addition, the analysis of the fluorometric titration indicated 
that each EB molecule was bound to 0.7 DNA molecule, which 
validates the assumption of 1:1 binding considered in deriving 
equation (3). On the basis of the above result, we conclude that 
the present approach enables the thermodynamic evaluation of 
single-molecule reactions.

In summary, the measurements of single-molecule 
conductance were applied to the analysis of a bimolecular 
association reaction, i.e., the intercalation of EB to DNA. The 
product and reactants that equilibrated in the bulk solution 
were immobilized on Au(111) substrates. Definite differences 
were found in the conductance values of these molecules, 
which led to the discrimination and quantification of the 
chemical species. The association constant of the EB 
intercalation was successfully estimated based on the binding 
curve derived from the electrical measurements. These results 
clearly demonstrate that statistical analyses of single-molecule 
measurements can describe the thermodynamic equilibrium of 
single-molecule reactions. The methodology described herein 
can be utilized to shed light on unique thermodynamic 
perspectives of single-molecule reactions in nanostructures, 
such as a metal nanogap, which could be distinctly different 
from those obtained using the conventional ensemble 
counterpart.
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