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Abstract

The formation of an inclusion complex of methylene blue with b-cyclodextrin is testi®ed by voltammetry and spectroscopy

and its stable constant is determined to be 4.4 � 103 Mÿ1. The interactions of methylene blue and the inclusion complex with

DNA have been investigated by means of voltammetry. The binding constants of methylene blue and the inclusion complex to

DNA are obtained through the changes of peak currents and their values are 1.1 � 104 Mÿ1 and 7.2 � 103 Mÿ1, respectively.

The experimental results reveal that the inclusion complex does not decompose when it interacts with DNA, and b-

cyclodextrin itself does not interact with DNA.Their binding numbers (n) are 1 both methylene blue and the inclusion

complex. According to the experimental data, it can be inferred that the binding model of methylene blue to DNA may be

`electrostatic binding' under our experimental conditions. This can clearly explain the experimental phenomena. # 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

The interaction of small molecules with DNA is of

interest because it is important in the design of new

and more ef®cient drugs targeted to DNA [1]. The

metal complexes, natural antibiotics, and a lot of other

planar heterocyclic cations, have been investigated for

their DNA binding af®nity [2±5]. It is today a gen-

erally accepted concept that the planar dye molecules,

such as acridine dyes, bind to DNA by `intercalation'

but the direct evidence for this type of binding is

lacking [6±10]. Methylene blue (MB), which belongs

to the phenothiazine dyes and its structure is similar to

acridine dye, has a planar structure. The studies for the

binding model with DNA have been performed with

various methods [11±16]. In previous researches, most

studies indicated that MB could bind to DNA by

intercalation. Others showed that in low ionic strength

buffer and for a low ratio of dye to DNA the MB must

intercalate into DNA but at high salt concentrations or

for high ratios of dye to DNA, the MB interacts with

DNA by nonintercalative binding [6,17,18]. Under the

latter condition, one possible interpretation is that

dyes are changing their orientations in the binding

sets with increase of salt concentration [6]. However,

this interpretation is unsatisfactory. The model of the

exact interaction of MB with DNA has attracted our

interest.
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In previous studies, the general methods used are

spectrometry, such as UV-VIS absorption and

¯uorescence spectra, linear and circular dichroism

etc. Here, we used electrochemistry to investigate

the interaction of MB with DNA, because the

application of electrochemical methods to the study

of small molecules with DNA can provide a

useful complement to the previously used methods

[19±22].

As well known, cyclodextrins are a kind of poly-

saccharides made up of six to eight D-glucose mono-

mers connected at 1 and 4 carbon atoms, and they can

provide a hydrophobic cavity in aqueous solution for

the hydrophobic molecules or groups to form inclu-

sion complexes [23]. Phenothazine dye is a kind of

tricycle heteroaromatic compound that just ®ts to the

b-cyclodextrin's cavity and can enter the b-CD's

cavity to form an inclusion complex. If the groups

included by b-CD are just those that interact with or

intercalate into DNA, the inclusion action must affect

the interaction, which could be embodied in the

change of its electrochemical characteristics, such

as peak potentials and currents of redox etc. Based

on these changes, the binding model of MB with DNA

could be inferred.

In this paper, the interactions of MB and the b-CD

inclusion complexes of MB with DNA were investi-

gated by voltammetric methods. Through comparing

the changes of voltammetric characteristics of the

interaction between MB and DNA and that of its b-

CD inclusion complex with DNA, it was inferred that

MB interacts with DNA by `electrostatic binding'

under our experimental conditions. This would pro-

vide a useful aid to investigate the binding model of

MB to DNA.

2. Experimental

Cyclic voltammetry (CV) was performed through a

model BAS-100B electrochemical analyzer (BAS,

USA) with a three-electrode system: a 0.10 cm dia-

meter platinum disc as working electrode, saturated

calomel electrode (SCE) as reference electrode and a

platinum wire as counter-electrode. Prior to use, the

working electrode was polished with 0.05 mm alumina

and thoroughly washed in an ultrasonic bath for 5 min.

The supporting electrolytes were 0.2 M Tris-HCl

buffer solution (pH 7.0) prepared with double-distilled

water. Before experiments, the solution within a

single-compartment cell was deareated via purging

with pure N2 gas for 5 min, and during measurements

a stream of N2 was passed over the solution. The

current-potential curves and experimental data were

recorded. The absorption measurements were per-

formed on UV-265 spectrophotometer (Shimadzu,

Japan).

Methylene blue was of analytical reagent grade.

The b-cyclodextrin (b-CD) was twice recrystallized

before use. Calf thymus DNA was purchased from

Sigma and used without further puri®cation. DNA

concentration (per nucleotide phosphate, NP) was

determined spectrophotometrically assuming

�260 � 6600 Mÿ1 cmÿ1. Stock solutions were pre-

pared with double-distilled water and were stored at

48C; their useful life was not longer than 5 days. All

other chemicals (Tris, HCl) were of reagent grade and

used as received. Solutions were prepared with dou-

ble-distilled water. All experiments were carried out at

room temperature (ca. 208C).

Current titrations were performed by keeping the

constant concentration of MB while varying the con-

centrations of b-CD or the nucleic acid. An equation

for the amperometric titration can be deduced accord-

ing to references [16,20,24]. In this process, two

hypotheses were tested. One is that the complex of

MB with DNA (in nucleotide phosphate) is a 1 : 1

association complex. The other is that when CDNA is

much larger than CMB, CDNA ÿ CMB approximately

equals to CDNA. The current titration equation was

described as follows

1=Cp � K
�1ÿ A�
1ÿ i=i0

ÿ K (1)

where, Cp is the concentration of b-CD or nucleic

acid (in nucleotide phosphate), K is the apparent

binding constant, i0 and i are the peak current

without and with b-CD or DNA. A is the proportional

constant. The condition of using this equation is

that a 1 : 1 association complex is formed and Cp is

much larger than the total concentration (Ct) of MB

in solution. In other words, if Eq. (1) corresponds

well to the experimental data, this may suggest that

the complex of MB with b-CD or DNA is a 1 : 1

association complex.
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3. Results and discussion

3.1. Formation of the inclusion complex of dye with

b-CD

The typical cyclic voltammograms (CVs) of

5.0 � 10ÿ5 M MB in the absence and presence of

b-CD are shown in Fig. 1. At the platinum electrode,

there were a couple of redox peaks in the range of

ÿ0.10 to ÿ0.40 V (versus SCE). In CVs of MB, the

cathodic peak potential (Epc) was ÿ0.253 V and the

anodic peak potential (Epa) was ÿ0.224 V in the

solution of 0.2 M Tris-HCl buffer (pH 7.2). The

separation of the anodic and the cathodic peak poten-

tials (�Ep) was 29 mV at 100 mV/s, indicating that

this was a quasi-reversible, 2-electron redox process.

The formal potential (E00), taken as the average of Epc

and Epa, was ÿ0.239 V. In the presence of 8.0 �
10ÿ4 mol/l b-CD (Fig. 1(b)), Epc was ÿ0.235 V and

Epa was ÿ0.202 V. Both the anodic and cathodic peak

potentials shifted to more positive value. E00 shifted to

more positive potentials by 21 mV, revealed that MB

molecules could be reduced easily when they were

included into the cavity of b-CD to form an inclusion

complex [25±28]. In the presence of b-CD, �Ep was

33 mV, showing that reversibility of the electron-

transfer process was maintained under this condition.

CV peak potentials were independent of scan rates in

the range of 20±400 mV/s and the peak currents were

proportional to the square root of scan rates both

without and with b-CD. The slope of the linear of i

versus v1/2 without b-CD was more than that with b-

CD, suggesting the diffusion coef®cient of the free

form of MB was larger than that of the complexed

form of MB with b-CD.

According to the decrease of peak currents with the

concentrations of b-CD and Eq. (1), the following

equation was obtained: 1/Cb-CD � 1.73 � 103/

Fig. 1. Cyclic voltammograms of MB obtained in the solution of 0.2 M Tris-HCl (pH7.2) buffer (CMB � 5.0 � 10ÿ5 M) (a) Without b-CD,

(b)1 � 10ÿ3 M b-CD.
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(1-i/i0)ÿ4.4 � 103 with a linear correlation coef®cient

(r) of 0.9996. This revealed that the inclusion complex

of MB with b-CD was a 1 : 1 association complex and

the stability constant (K), which is usually used to

characterize the inclusion phenomena of CD systems

[25], was 4.4 � 103 Mÿ1 as calculated from the

y-intercept.

In addition, UV-VIS spectra were used to testify the

formation of the inclusion complex. The changes of

MB absorption spectra with increasing the concentra-

tion of b-CD are shown in Fig. 2. The absorption

spectra of MB upon increasing the concentration of b-

CD showed a strong increase in the peak intensities.

When the concentration of b-CD increased to

2 � 10ÿ3 mol/l, the change of peak intensity became

slow and tended to saturation at high concentrations of

b-CD, suggesting that the MB was included comple-

tely by b-CD. In this process, the location of the

absorption peak shifted to longer wavelengths by

3 nm. According to the equation [29],

C=�"ap � C=�"� 1=��"� k�, with our experimen-

tal data, the regression equation could be rewritten as:

C�-CD=�"ap � 5:76� 10ÿ5C�-CD � 1:29� 10ÿ8 and

the linear correlation coef®cient (r) was 0.9981. From

the slope and y-intercept of the regression equation,

the stability constant (k) obtained was 4.46 � 103 l/

mol, which is the same as that from volammetry. The

plot of Cb-CD/�"ap versus Cb-CD is shown in inset of

Fig. 2. The linear correlation coef®cient suggested

that the inclusion complex was a 1 : 1 association.

Both electrochemical and spectroscopic results sug-

gested that the inclusion complex of MB with b-CD is

formed and the inclusion complex is relatively stable.

3.2. Interaction of dye with DNA

The typical CVs of MB without and with DNA are

shown in Fig. 3. In the presence of DNA, the peak

currents decreased but the peak potentials did not

change. However, in [Fe(CN)6]4ÿ solution, the peak

current and peak potential did not change with DNA.

This demonstrated that DNA does not affect the

electrode surface behavior. The reason of the decrease

of peak current was that the apparent diffusion coef®-

Fig. 2. Absorption spectra of MB in different concentrations of b-CD (CMB � 1.0 � 10ÿ5 mol/l, 20 mmol/l pH 7.2 tris-HCl buffer) (a) 0, (b)

1.0 � 10ÿ4, (c) 2.0 � 10ÿ4, (d) 4.0 � 10ÿ4, (e) 8.0 � 10ÿ4, (f) 3.0 � 10ÿ3 (mol/l) inset: the plot of C�-CD="ap versus C�-CD.
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cient decreased [20] and also the apparent concentra-

tions of electroactive species decreased [16]. No

change of peak potentials was observed, revealing

that the interaction of the reduced form of the dye

molecule with DNA was the same as that of its

oxidized form [20]. The peak potentials (Epc, Epa)

were independent of the scan rates and the peak

currents (ipc, ipa) were proportional to the square root

of scan rates in the presence of DNA. �Ep was 34 mV

in the presence of DNA, indicating that DNA did not

affect the electron transfer process of MB molecules.

The experimental data of the decrease of peak current

with DNA corresponded well to Eq. (1). According to

experimental data, the following equation was

obtained for MB (Fig. 4): 1=CDNA � 1:1� 104=
�1ÿ i=i0� ÿ 1:3� 104 with r � 0.9989, revealing that

the binding complex of MB molecule with DNA (per

nucleotide phosphate) was a 1 : 1 association com-

plex. The binding constant of MB to DNA was calcu-

lated from the y-intercept to be 1.3 � 104 Mÿ1, as

shown in the inset of Fig. 4.

3.3. Interaction of the complex of MB-b-CD with

DNA

The peak potentials (Epc, Epa) and the formal

potential �E00� of MB-b-CD shifted in the more posi-

tive direction compared with those of MB and they

were not affected by the presence of DNA. The CVs of

MB and MB-b-CD in the presence of DNA are shown

in Fig. 5. It was observed that the redox potential of

MB-b-CD did not change while DNAwas mixed. This

suggested that the inclusion complex of MB-b-CD

decomposed when it interacted with DNA. If the

inclusion complex decomposed, the redox potential

would have shifted to the potential at which MB was

Fig. 3. Cyclic voltammograms of MB in the solution of 0.2 M Tris-HCl (pH 7.2) buffer (CMB � 5.0 � 10ÿ5 mol/l) (a) Without DNA, (b)

6 � 10ÿ5 M DNA, (c) 2.6 � 10ÿ4 M DNA.

G.-C. Zhao et al. / Analytica Chimica Acta 394 (1999) 337±344 341



oxidized or reduced. But, in fact, the redox potential

did not change by adding DNA. So, it is a reasonable

interpretation that the inclusion complex does not

decompose while it binds to DNA. The peak currents

of CVs were decreasing with increasing concentra-

tions of DNA but �Ep was unchanged. It showed that

DNA did not affect the electron transfer process of

MB-b-CD. According to the experimental data, linear

equations of CDNA versus 1/(1-i/i0) were obtained with

a linear correlation coef®cient (r) of 0.9987. This

suggested that the binding number was 1, thus the

inclusion complexes still interacted with DNA to form

a 1 : 1 association complex.

According to the y-intercept of the linear equation,

the apparent binding constant of MB-b-CD with DNA

was obtained and its value was 7.2 � 103 Mÿ1.

In addition, the spectroscopic method was used to

judge whether b-CD interacts with DNA or not in

solution, and the experimental results indicated that b-

CD did not interact with DNA in Tris-HCl buffer

because b-CD did not affect the absorption spectrum

of DNA. Meanwhile, in electrochemical experiments

it was also observed that b-CD did not bind to DNA.

4. Discussion

Through a series of weak interactions, such as �-

stacking interactions, hydrogen-bond and van der

Waals interactions, small molecules can easily bind

to DNA [5]. That there are three binding models about

binding of small molecules to the DNA double helix is

a generally accepted concept: intercalate binding,

groove binding and electrostatic binding [29]. In the

structure of the DNA double helix, there are two kinds

of grooves: a major groove and a minor groove. The

interactions of intercalate binding and groove binding

are related to these grooves but the electrostatic inter-

action can take place outside the grooves.

According to the study of forming the inclusion

complex MB-b-CD, it can be inferred that the planar

tricycle part of MB molecule may enter the hydro-

Fig. 4. The dependence of peak currents on the concentrations of DNA Inset: the plot of 1/Cp to 1/(1-i/i0).
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phobic cavity of b-CD and the hydrophilic group

=N�(CH3)2 may stick out of the cavity. So the inclu-

sion complex is a 1 : 1 association complex. The

reason of E00 shifting to more positive value is that

MB molecules experienced a high electron density

microenvironment when they entered the cavity of b-

CD, which made it easy to accept an electron. The

inclusion complex can be depicted as follows:

The experimental results that the existence of b-CD

did not affect the interaction of MB with DNA and the

inclusion complex did not decompose when it binds to

DNA, revealed that the part that was included into the

cavity of b-CD did not interact with DNA. So it could

be estimated that the most possible binding model

under our experimental condition is the electrostatic

binding, which is formed through the cationic group

=N�(CH3)2 binding with the PO4
3ÿ of the sugar±

phosphate backbone in DNA. This conclusion could

reasonably explain the experimental phenomena. No

matter whether MB or MB-b-CD is present in the

solution containing DNA, the apparent formal poten-

tials �E00� are not changed, which reveals that the two

halves of this redox couple interact with DNA to about

the same extent [20]. Under our experimental condi-

tions, between pH 4.2 and pH 7.5 the following

regression equation has been obtained: Ep � E00-
67pH (mV) (r � 0.9931). This suggests a redox pro-

cess of MB involving a two-electron transfer process

accompained by two protons (see Fig. 4 of reference

[30]). When the MB molecules are reduced, the planar

Fig. 5. Cyclic voltammograms of MB in the solution of 0.2 M Tris-HCl (pH 7.2) buffer (CMB � 5.0 � 10ÿ5 mol/l). A: (a) MB only, (b) a

�2 � 10ÿ3 M b-CD, (c) a �1.5 � 10ÿ4 M DNA, (d) b �1.5 � 10ÿ4 M DNA.

G.-C. Zhao et al. / Analytica Chimica Acta 394 (1999) 337±344 343



tricycle structure does not exist but the cationic group

=N�(CH3)2 still does. This fact provides powerful

evidence for electrostatic binding because interaction

for the reduced and the oxidized form of MB occurs to

the same extent. And also, it is dif®cult to imagine that

the b-CD inclusion complex with a larger volume

could still intercalate into or bind through the groove

to DNA as the same as dye molecule itself.

According to what is mentioned above, we believe

that the binding model of MB to DNA is based on

electrostatic binding under our conditions.
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