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Abstract: In this work, we reported a systematic investigation on the interactions between 
methylene blue (MB) and surface-confined DNA by using electrochemical methods. We 
demonstrated that the redox potential of MB and binding and dissociation kinetics of MB to 
DNA differed significantly for single-stranded DNA (ss-DNA) and double-stranded DNA 
(ds-DNA) immobilized on gold electrodes. This was possibly due to the different binding 
mechanism between MB and ss- or ds-DNA. This work might provide useful information 
for developing MB-based sequence-specific electrochemical DNA sensors. 
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1. Introduction 

DNA sensing is of great importance to early diagnostics of genetic deficiencies, detection of 
infectious diseases and individual identification in forensic analysis [1-7]. Because of this, a variety of 
DNA biosensors using optical (colorimetric, fluorescence Raman and surface plasmon resonance), 
acoustic (surface acoustic wave and quartz crystal microbalance) and electrochemical transducers have 
been developed toward sensitive, selective and rapid detection of clinically- or security- relevant target 
DNA [8-17].  

Electrochemical techniques are well known to be rapid, miniaturizable, inexpensive and highly 
sensitive [18, 19], therefore electrochemical DNA sensors have significantly attracted both academic 
and industrial interest. As a result, a large amount of strategies have been proposed to convert DNA 
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hybridization events to electrochemical signals. Methylene blue (MB), an aromatic heterocycle 
molecule, is often employed as an electrochemical “indicator” toward selective discrimination of 
single-stranded DNA (ss-DNA) and double-stranded DNA (ds-DNA). Previous spectroscopic 
investigations have demonstrated that MB binds to DNA through at least three different interactions, 
that is, electrostatic interaction between cationic MB and anionic DNA, intercalation of MB in the 
DNA double helix and preferential binding between MB and guanine bases. Possibly due to the 
existence of such complicated interactions, various MB-based DNA sensing strategies have been 
proposed and some reports existing in the literature are even seemingly contradictory. Ozsoz and 
coworkers reported that ss-DNA modified carbon electrodes produced large electrochemical signals 
for MB while hybridization led to significant signal attenuation [20]. In contrast, Ju et al reported a 
signal-on DNA sensor that showed apparent increase of MB redox signals after DNA detection [21]. 
Barton and coworkers developed a different DNA hybridization sensor that relied on the MB 
intercalation and efficient “wired” charge transfer through DNA double helix [22]. By using this 
elegant strategy they showed that this sensor was extremely sensitive to single-nucleotide mismatches. 

In this work, we performed electrochemical investigation on the interactions between MB and 
DNA. Thiolated ss-DNA and ds-DNA were immobilized at gold electrodes via self-assembly and 
formed well-aligned DNA films [23, 24], which provided an ideal platform for studying both 
thermodynamics and kinetics of MB-DNA binding. We found that conformations of DNA at surfaces 
were critical for MB electrochemistry, which might account for the discrepancy in the literature. We 
also extensively studied the adsorption and desorption kinetics of MB on DNA strands. These studies 
are potentially useful for improving the performance of MB-based electrochemical DNA sensors. 

2. Results and Discussion  

2.1. Electrochemistry of MB at DNA-modified gold electrodes 

We first evaluated the electrochemistry of MB at electrodes modified with MCH, ss-DNA and ds-
DNA (Figure 1). A pair of well-defined peaks appeared for all these three electrodes, corresponding to 
the reduction and oxidation of MB. The redox potentials of MB were nearly identical at the MCH and 
ss-DNA modified electrodes (E1/2-ss= 0.018 V vs. SHE). Interestingly, the redox potential shifted to the 
negative at ds-DNA modified electrodes (E1/2-ds= - 0.012 V vs. SHE), which suggested that MB binds 
more strongly to ds-DNA than to ss-DNA. Spectroscopic studies have shown that intercalation is the 
dominant mode of methylene blue interaction with ds-DNA [25]. These resulted in successive base 
pairs binding to MB face to face. On the other hand, MB interacts with ss-DNA by electrostatic 
binding process. The absence of base pairs and long–range structure in ss-DNA result in distinct 
environments for MB. Consequently, it is not surprising that the distinct redox potential was observed 
for MB bound to ss-DNA and ds-DNA. 

We also compared peak currents of MB at ss-DNA and ds-DNA modified electrodes. We found that 
the peak current of MB at ds-DNA was slightly larger (~ 20%) than at ss-DNA. This is in contrast to that 
in previously reports of Ozsoz and coworkers [20]. We think this phenomenon maybe attribute to the 
following reasons. In the report of Ozsoz, DNA lay down on electrode surfaces (Figure 2a, 2b). When ss-
DNA was assembled on Au electrode as Figure 2a, a high MB reduction signal would be observed, 
because MB had a strong affinity for the guanine and could contact most guanines easily. But after the 
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formation of DNA duplex (Figure 2b), the guanines were wrapped in the rigid duplex structure, thus 
preventing MB-guanines interactions. For example, guanine proximal to the electrode was almost 
inaccessible to MB. Also important, while MB could bind to MB distal to the electrode, the electron 
transfer of such MB molecules was slow because they had to overcome the axial distance of the duplex 
(~ 2 nm). In contrast, we employed a system that assembled DNA to Au electrode in a vertical approach. 
When ss-DNA was assembled as Figure 2c, the MB could interact with the guanines easily even after the 
formation of DNA duplex (Figure 2d). Because the DNA duplex can be used as a electron transfer 
pathway [26, 27], the signal of MB reduction can be transported to the electrode. Therefore, DNA 
hybridization did not lead to the attenuation of MB redox currents in this configuration. 

 
Figure 1. Cylic voltammograms recorded at MCH/Au (a), ss-DNA/Au  
(b) and ds-DNA/Au (c) at 50 mV/s in E-buffer containing 3 μM MB. 

 

Figure 2. In a) and b), ss-DNA and ds-DNA lies down on electrodes, while in c) and d) ss-DNA and ds-
DNA are assembled on electrode such that they are in a vertical configuration (● represents guanine). 

 

We then studied the electron-transfer properties of MB at both ss-DNA and ds-DNA modified 
electrodes. Peak currents (Ip) of MB were linearly proportional to scan rates at both ss-DNA and ds-
DNA modified electrodes (Figure 3), which suggested that the MB electrochemistry was a surface-
confined process and that MB was strongly adsorbed on DNA strands at gold electrodes [28].  
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2.2. Binding equilibrium time of MB to ds-DNA/Au and ss-DNA/Au 

With increasing incubation time of the ss-DNA/Au, and ds-DNA/Au electrodes in 3 μM MB 
solution, the peak currents of adsorb or bound MB increased and then reached steady values (Figure 
4). The increase was attributed to the accumulation of MB at the electrode surface. The time that 
charges reached the steady values were different at ss-DNA/Au, and ds-DNA/Au. The increasement of 
charges at ss-DNA/Au and ds-DNA/Au electrodes reached equilibrium after 7 and 10 mins, 
respectively. The difference in equilibrium time was due to the different surface structures and 
accumulation mechanisms. The accumulation process of MB at ss-DNA at Au electrodes only 
involved the electrostatic binding of MB to ss-DNA. However, the binding of MB to ds-DNA also 
involved the intercalation process, which results in a slower equilibrium process. 

 
Figure 3. Effect of scan rate on peak current of MB at the  

ds-DNA/Au (a) and ss-DNA/Au (b) electrodes. 

 

2.3. Binding kinetics of MB to ds-DNA/Au and ss-DNA/Au 

Since the surface quantity of MB can be readily determined by integration of the cathodic peak, we 
can quantitatively investigate the binding kinetics of MB with ss-DNA/Au and ds-DNA/Au. Assuming 
that the binding process can be described as  

 

MB + DNA/Au
kf

kb

MB-DNA/Au (1)

 
 
As the solution concentration (C) of MB is more excessive, the solution concentration (C) of MB 

remains constant. On the other hand the backward dissociation process can be neglected before the 
equilibrium time, and then the equation 2 was derived. 

 
ln (1-θ) = -k΄t + constant                      (2) 

 
where θ = Гt / Гs = Qt / Qs and k΄ = kf C. 
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In this expression, kf is the second-order binding rate constant, kb is the dissociation rate constant, k΄ 
is the apparent first-order rate constants for the interaction of MB with ss-DNA/Au and ds-DNA/Au. 
Гs is the saturation coverage of MB on the surface, and Гt is its coverage at any given time (t). Qt and 
Qs are the integrated charge of the cathodic peaks from the CV at any given time and the saturation 
situation, respectively. 

Plots of ln (1-θ) versus t for a ds-DNA/Au (Figure 4) and ss-DNA/Au are linear up to 7 min and 
5min, respectively, which is essentially in agreement with equation 2. The values of k´ were 0.37 ± 
0.05 and 0.49 ± 0.01 min-1, respectively, for the ds-DNA/Au and ss-DNA/Au electrodes at a solution 
concentration of 3 μM MB. The difference of k´ indicates the different binding mode to ds-DNA and 
ss-DNA. Because of a course of intercalation for ds-DNA, its binding rate constant is smaller than ss-
DNA. Of note, others reported analogous results for benzyl viologen to ds-DNA and ss-DNA [29, 30].  

 
Figure 4. Integrated charge of cathodic peaks from CVs of 3 μM MB on ds-DNA/Au (a) and ss-

DNA/Au (b) at 50 mV/s as function of the incubation time. Plot of ln (1-θ) versus incubation time, 
from which the first-order rate constant k´ was determined, for ds-DNA/Au (c) and ss-DNA/Au (d). 
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2.4. Dissociation process of MB to ss-DNA/Au and ds-DNA/Au 

We have also determined the process of dissociation of MB from thiolate-DNA monolayers on 
gold. A simple approach to obtain dissociation rate constants consists of incubating the DNA modified 
electrode in relatively concentrated MB solution (e.g., 20 μM) and then transferring it into a MB-free 
buffer for voltammetric measurements. Figure 5 shows that the redox peaks decrease gradually with 
time due to the dissociation of MB from the electrode surface into the electrolyte solution.  

Figure 5. Cyclic voltammograms of ds-DNA/Au.in MB free  
E-buffer after incubated in 20 μM MB for 20 min. 

 

Then equation 3 can be derived from equation1 because of the binding process can be neglected in 
this case. 

 
ln (θ) = -kdt + constant                      (3) 

 
As expected, the integrated cathodic charge (Qt) decreases monotonically with time (Figure 6a and 

6b). Plots of ln (θ) versus t for ds-DNA/Au and ss-DNA/Au (Figure 6c and 6d) are linear. The values 
of kd are 0.18 ± 0.04 min-1 for ds-DNA/Au and 0.09 ± 0.01 min-1 for ss-DNA/Au, respectively. The 
reason why the kd of ds-DNA is faster than that of ss-DNA/Au may be some weak interaction existing 
in ds-DNA.  

3. Experimental Section  

3.1. Materials  

DNA oligonucleotides were purchased from Sangon Inc. (Shanghai, China). The sequences are 5’-
SH-CACGA CGTTG TAAAA CGACG GCCAG-3’ (5’ thiolated probe at with a C6 spacer, SH-ss-
DNA); and 5’-CTGGC CGTCG TTTTA CAACG TCGTG-3’ (c-DNA). Tris-(hydroxymethyl) 
aminomethane was purchased from Cxbio Biotechnology Ltd. 6-Mercapto-1-hexanol (MCH), tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) and methylene blue (MB) were purchased from 
Sigma. All solutions were prepared with Nanopure water (18 MΩ·cm resistivity) from a Millipore 
MilliQ system. 
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The buffers involved in this work were as follows: DNA immobilization buffer (I-buffer; 10 mM 
Tris-HCl, pH 8.0, 1 mM EDTA, 1 M NaCl, and 1mM TCEP employed to cleave disulfides), DNA 
hybridization buffer (H-buffer; 10 mM tris-HCl, pH 8.0, 1 mM EDTA, and 1 M NaCl) and buffer for 
electrochemistry (E-buffer; 20 mM Tris-HCl buffer, pH 7.5, 100 mM NaCl). 

 
Figure 6. Integrated charge of the cathodic peaks from the CVs of ds-DNA/Au (a) and ss-DNA/Au (b) 

as a function of time after transfer to MB free E-buffer. Plot of ln(θ) versus incubation time, from 
which the first-order rate constant kd was determined, for ds-DNA/Au (c) and ss-DNA/Au (d). 

 

3.2. Pretreatment of Electrodes and DNA Immobilization 

Gold electrodes (2 mm in diameter, CH Instruments Inc.) were first polished on microcloth 
(Buehler) with Gamma micropolish deagglomerated alumina suspension (0.05 μm) for 5 min. These 
electrodes were then sonicated in ethanol and Milli-Q water for 5 min, respectively. Finally, the 
electrodes were then electrochemically cleaned to remove any remaining impurities [31-33]. The ds-
DNA modified gold electrodes were prepared by incubating electrodes in thiolated ds-DNA of 
appropriate concentrations for 14-16 h, followed by a 2 h post-treatment with 1 mM MCH. DNA 
duplex was prepared by hybridization of the two complementary sequences (1 μM each) in H-buffer 
for at least 1 h and was then ready for immobilization at surfaces. The ss-DNA modified gold 
electrodes were obtained by denaturing ds-DNA modified electrodes in the denaturing solution (100 
mM NaOH, 85 °C) for 5 min. 
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3.3. Electrochemical Measurements 

Cyclic voltammetry (CV) was performed on a CH Instruments model 600 eletrochemical analyzer. 
CV was carried out at a scan rate of 50 mV/s. A three-electrode cell consisting of Ag/AgCl reference 
electrode and platinum counter electrode was used for all electrochemical measurements. The E-
buffers were thoroughly purged with pure nitrogen before experiments. All potentials are reported 
relative to the standard hydrogen electrode (SHE) although Ag/AgCl was experimentally used. 

3.4. Procedures of MB binding and dissociation 

The binding process of DNA modified electrode was measured by cyclic voltammetry (CV) as 
follows. The ss-DNA/Au (or ds-DNA/Au) was incubated in E-buffer containing 3 μM MB and the CV 
scans were applied and recorded at regular time intervals. The dissociation process was monitored as 
follows. The ss-DNA/Au (or ds-DNA/Au) was incubated in 20 mM Tris-HCl buffer containing 20 μM 
MB for 20 min and then was transferred in MB free E-buffer for CV measurements at regular time 
intervals. 

4. Conclusions 

MB can be bound to adsorbed ss-DNA by electrostatic interaction and to adsorbed ds-DNA by both 
electrostatic and intercalative interaction. The latter results in a more negative formal potential and a 
larger binding constant of MB to adsorbed ds-DNA in comparison with those obtained at ss-DNA/Au 
electrodes. The binding rate constants and dissociation rate constants of ss-DNA and ds-DNA are 
significantly different. Such difference in kinetics of MB to adsorbed ds-DNA and ss-DNA might be 
used to develop sequence-specific electrochemical DNA sensors. 
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