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Abstract

The formation of the inclusion complex of methylene blue with b-cyclodextrin is studied by spectroscopic and
electrochemical methods and the binding constant of the inclusion complex is 4.5×103 l mol−1. The interactive
model of methylene blue with DNA has been investigated by means of the inclusion action of b-cyclodextrin.
Through the changes of absorption and fluorescence spectra, the intrinsic binding constant (k) of methylene blue with
DNA and inclusion complex with DNA is obtained. In the case of 20 m mol l−1 Tris buffer solution (pH 7.2), their
values are 1.53×105 l mol−1 and 9.98×104 l mol−1, respectively. The experimental results suggest that the inclusion
complex does not decompose when it interacts with DNA. The binding number (n) is 1 for both methylene blue and
inclusion complex with DNA. According to the experimental results, it can be inferred that the interactive model of
methylene blue with DNA is ‘electrostatic binding’. This conclusion is able to explain the experimental phenomena
clearly. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interactions of small molecules with DNA
have been of interest for a long time because they
are important in the design of new efficient drugs
targeted to DNA [1]. There are three models
about binding of small molecules to the DNA
double helix: intercalative binding, groove binding

and electrostatic binding. In the DNA double
helix, there are two kinds of grooves, major
groove and minor groove. The intercalative bind-
ing and groove binding are related to these
grooves but the electrostatic binding can take
place out of the groove. The research of the
interactive model can provide a start for the de-
sign of the structure of new and efficient drug
molecules. That planar dye molecules, such as
acridine dye, can interact with DNA by ‘intercala-
tion’ [1] had been testified with several methods.* Corresponding author.
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Since methylene blue (MB) has a planar struc-
ture that is similar to acridine dye, the interac-
tion of MB with DNA has been attracting the
interest of researchers [2–9]. In previous re-
searches, most researchers thought that the inter-
active model of MB with DNA is ‘intercalative
binding’ but the evidence for this type of binding
was rather indirect. In addition, some researchers
showed that in low ionic strength buffer [4] and
in low ratio of MB to DNA [7], the MB must
intercalate into DNA but in high salt concentra-
tion and in high ratio of MB to DNA, the MB
interacts with DNA by nonintercalative binding.
Under the latter condition, one possible interpre-
tation is that MB can change its orientation in
the intercalative binding site with the increase of
salt concentration [8]. However, this interpreta-
tion is unsatisfactory and in our experiments, the
strong effect of ionic strength and/or the ratio of
MB to DNA is not observed. What the interac-
tive model of MB with DNA is exactly, attracts
our interest.

b-Cyclodextrin (b-CD) has a hydrophobic cav-
ity and any geometric fit hydrophobic molecules
or groups can be included into the cavity to
form an inclusion complex. If the groups are just
those which interact with or intercalate into
DNA, the inclusion action of b-CD must affect
the interaction, which should be embodied in the
change of the spectroscopic properties. In this
study, b-CD was used to change the microenvi-
ronment of the MB molecule that interacts with
DNA. Through comparing the difference be-
tween the interaction of b-CD-MB with DNA
and that of MB with DNA, the conclusion is
obtained that MB interacts with DNA by ‘elec-
trostatic binding’.

2. Experimental

The absorption and fluorescence measurements
were performed on UV-265 spectrophotometer
(Shimadzu, Japan) and a Model RF-540 spec-
trofluorimeter (Shimadzu, Japan), respectively.

Methylene blue was of analytical reagent
grade. The b-cyclodextrin was twice recrystallized
before use. Calf thymus DNA was purchased

from Sigma and was used without further purifi-
cation. Purity of DNA was checked by monitor-
ing the absorption spectrum and the ratio of the
absorbance at 260–280 nm, the ratio being 1.87
indicated that the DNA was fully free from
protein [10]. The concentrated stock solutions of
DNA were prepared in doubly-distilled deionized
water. The concentration of DNA (in nucleotide
phosphate) was determined by absorbance at 260
nm. The stock solutions were stored at 4°C and
the useful life was not more than 5 days. The
buffer solution was Tris–HCl aqueous solution
(pH 7.2). All measurements were carried out at
room temperature.

The absorption and the fluorescence titrations
were performed by keeping the concentration of
MB constant while varying the concentrations of
b-CD or DNA. In fluorescence measurements the
excitation wavelength was 616 nm. The fluores-
cence emission spectra were recorded in the
range of 640–740 nm and the intensity was mon-
itored at 682 nm. The absorption spectra were
recorded in the range of 500–750 nm and the
absorbance was determined at 661 nm. The in-
trinsic binding constants of MB with b-CD, MB
with DNA and MB-b-CD complex with DNA
were determined by absorption titrations. The
intrinsic binding constant (k) was determined
from the plots of C/Doap versus C according to
Eq. (1) [11]:

C/Doap=C/Doap+1/(Doapk) (1)

where, C is the concentration of b-CD or
DNA(in nucleotide phosphate), Doap= (Doa−Dof)
and Do= (Dob−Dof), oa (the apparent extinction
coefficient) is obtained by calculating Aabs/[MB],
ob and of correspond to the extinction coefficient
of the bound form of MB and the free form of
MB, respectively. From equation(1), the slope
equal to 1/Do and the y-intercept equal to 1/Dok
and k was obtained from the ratio of the slope
to the y-intercept, and Dob was calculated from
Do.

Eq. (1) results from the following equilibrium
[12,13]:

M+DNA�M-DNA

K=CM-DNA/CMCDNA (2)
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The hypothesis of Eq. (2) that the binding
number (n) was 1, means that one M-molecule
only interacts with one nucleotide phosphate unit-
per DNA strand. If the experimental data corre-
spond well to Eq. (1), then, the binding number is
1.

In fluorescence quenching experiments, the data
were plotted according to the Stern–Volmer
equation (Eq. (3)) [14]

I0/I=1+Ksv[DNA] (3)

where, I0 and I are the fluorescence intensities in
the absence and presence of DNA, respectively.
Ksv is the Stern–Volmer quenching constant.

3. Results and discussion

3.1. Formation of inclusion complex of MB with
b-CD

The changes of the absorption spectra of MB
are shown in Fig. 1. The absorption spectra of
MB upon increasing the concentration of b-CD
showed a strong increase in the peak intensities
but the change of shoulder peak was not obvious.
When the concentration of b-CD increased to
2×10−3 mol l−1, the change of peak intensity
became slow and was followed by saturation at
high concentration of b-CD. It indicated that the

Fig. 1. Absorption spectra of MB in different concentrations of b-CD (CMB=1.0×10−5 mol l−1, 20 mmol l−1 pH 7.2 Tris–HCl
buffer). (a) 0; (b) 1.0×10−4; (c) 2.0×10−4; (d) 4.0×10−4; (e) 8.0×10−4; (f) 3.0×10−3 (mol l−1) inset: the plot of Cb-CD/oap

vs. Cb-CD.
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Fig. 2. Fluorescence emission spectra of MB in different concentrations of b-CD (CMB=1.0×10−5 mol l−1, lex=616 nm, 20
mmol l−1 pH 7.2 Tris–HCl buffer). (a) 0; (b) 2.0×10−4; (c) 4.0×10−4; (d) 8.0×10−4; (e) 1.2×10−3; (f) 2.0×10−3; (g)
3.0×10−3; (h) 4.0×10−3 (mol l−1).

MB was included completely by b-CD. However,
in this process, the location of absorption peak
only shifted to long wavelength by 3 nm. Accord-
ing to experimental data, the regression equation
of Eq. (1) was Cb-CD/Doap=5.76×10−5Cb-CD+
1.29×10−8 and the linear correlation coefficient
(r) was 0.9981. According to above equation, the
binding constant (k) was 4.46×103 l mol−1, Do

was 1.74×104 l mol−1·cm−1 and oMB-b-CD was
8.64×104 l mol−1·cm−1. The plot of Cb-CD/Doap

versus Cb-CD was shown in inset of Fig. 1. The
linear correlation coefficient suggested that the
experimental data corresponded well to Eq. (1),
revealing that the inclusion complex was a 1:1
association [15–17].

As shown in Fig. 2, the fluorescence intensities
of MB increase clearly with the increase of b-CD.

When the concentration of b-CD increased to
3×10−3 mol l−1, the change of fluorescence
intensity tended to be constant. The increase of
fluorescence intensity resulted from the increase of
fluorescence quantum yield, which resulted from
the increase of electronic density after MB
molecule entered the hydrophobic cavity of b-CD.
It was the hydrophobic cavity of b-CD that pro-
vided the microenvironment of the high electronic
density for MB molecule. This conclusion is the
same as that of absorption spectra.

In addition, the electrochemical method was
also used to testify that MB was included into
b-CD. On the platinum electrode, there is one
couple of redox peak to be observed in 0.2 mol
l−1 Tris–HCl buffer. Its formal potential (E0%) is
−0.239 V (versus SCE). When b-CD was mixed
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in solution the E0% shifts to more positive poten-
tial about 21 mV, indicating that inclusion com-
plex is formed [18–21]. The binding constant,
which is usually used to characterize the inclusion
phenomena of CD systems [18], was obtained
from the change of peak potential and its value is
4.43×103 l mol−1, which is the same as that from
spectroscopic method.

Both spectroscopic and electrochemical method
suggest that the inclusion complex of MB with
b-CD is formed and is relatively stable.

3.2. The interaction of MB with DNA

The absorption spectra of MB in different con-
centrations of DNA are shown in Fig. 3. The
absorbance of MB in the presence of increasing
amounts of DNA showed a strong decrease.
When the concentration of DNA increased up to
1.0×10−5 mol l−1 (in nucleotide phosphate), the
decrease of peak intensity became very slow and
was followed by saturation at the high concentra-
tion of DNA. It could be observed in inset A of

Fig. 3. Absorption spectra of MB in different concentrations of DNA (CMB=1.0×10−5 mol l−1, 20 mmol l−1 pH 7.2 Tris–HCl
buffer). (a) 0; (b) 2.0×10−6; (c) 4.0×10−6; (d) 6.0×10−6; (e) 1.0×10−5; (f) 1.4×10−5; (g) 2.0×10−5; (h) 3.0×10−5 (mol
l−1). Inset A: the plot of CDNA/oap vs. CDNA. Inset B: the dependence of the absorbance of MB on the concentration of DNA.
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Fig. 4. Fluorescence emission spectra of MB in different concentrations of DNA (CMB=1.0×10−5 mol l−1, lex=616 nm, 20
mmol l−1 pH 7.2 Tris–HCl buffer). (a) 0; (b) 8.0×10−6; (c) 1.6×10−5; (d) 2.4×10−5; (e) 4.0×10−5; (f) 8.0×10−5 (mol l−1).

Fig. 3 that the change of absorbance of MB
became slow and tended to constant while the
concentration of DNA equalled to that of MB in
solution (1.0×10−5 mol l−1). This revealed that
the binding number of MB with DNA was 1. In
this process, the peak location of MB slightly
shifted to long wavelength (red shift ca. 4 nm
only). According to Eq. (1) and the absorbance in
different concentrations of DNA, the following
regression equation was obtained for CDNA/
Doap= −7.16×10−5CDNA−2.33×10−10 and
r=0.9985. From the slope and y-intercept of
above equation, k was 1.53×105 l mol−1, Do was
−2.79×104 l mol−1·cm−1 and oMB-DNA is
3.83×104 l mol−1·cm−1. The plot of CDNA/Doap

versus CDNA is shown in inset A of Fig. 3. The
excellent linear relationship indicated the binding
number was 1, which revealed that one MB
molecule only interacts with one nucleotide phos-
phate in DNA. This result was the same as that
from inset B of Fig. 3.

The dependence of the fluorescence spectra of
MB on the concentration of DNA was shown in
Fig. 4. The fluorescence intensity of MB with
increasing concentrations of DNA decreased ob-
viously and tended to constant at the high con-
centration of DNA. According to the
experimental data and Eq. (3), it was obtained
that the Stern–Volmer quenching constant (Ksv)
was 6.67×104 l mol−1.
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3.3. The interaction of the b-CD-MB with DNA

The dependence of absorption spectra of MB
inclusion complex on the concentration of DNA is
showen in Fig. 5. The absorbance of b-CD-MB
decreased with increasing concentration of DNA
and tended to constant in the high concentration
of DNA. This process was similar to that of MB
alone. However, the absorbance that was saturated
by DNA in the presence of b-CD was still more
than that in the absence of b-CD. This phe-
nomenon suggested that when the MB molecule
interacted with DNA it was still included into the
cavity of b-CD. According to Eq. (1) and the
experimental data, the regression equation of
CDNA/Doap versus CDNA is CDNA/Doap= −3.55×

10−5CDNA−3.66×10−10 and r is 0.9985. Accord-
ing to the slope and y-intercept of the above
equation, k is 9.70×104 l mol−1, Do is −2.82×
104 l mol−1·cm−1 and oMB-b-CD-DNA is 5.04×104 l
mol−1·cm−1. The linear correlation coefficient
showed the binding number was 1, thus, one
b-CD-MB molecule still interacts with one nucle-
otide phosphate in DNA. This suggested that the
existence of b-CD did not affect the portion of MB
molecule that interacted with DNA.

If the inclusion complex of MB with b-CD
decomposes when it interacts with DNA, there
should be two chemical equilibrium equations
existing in the solution. These are as follows:

MB+b-CD=MB-b-CD

K1=4.46×103 l mol−1 (4)

Fig. 5. Absorption spectra of MB with varying the concentrations of DNA in the presence of b-CD (CMB=1.0×10−5 mol l−1,
Cb-CD=3.0×10−3 mol l−1, 20 mmol l−1 pH 7.2 Tris–HCl buffer). (a) 0; (b) 2.0×10−6; (c) 4.0×10−6; (d) 6.0×10−6; (e)
1.0×10−5; (f) 1.4×10−5; (g) 2.0×10−5; (h) 3.0×10−5; (i) 2.0×10−5 (mol l−1). Inset: the plot of CDNA/oap vs. CDNA in the
presence of b-CD.
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MB+DNA=MB-DNA

K2=1.53×105 l mol−1 (5)

According to Eqs. (4) and (5), the following
relationships were obtained:

K1=CMB-b-CD/Cf[Cb-CD−CMB-b-CD] (6)

K2=CMB-DNA/Cf[CDNA−CMB-DNA] (7)

Cf+CMB-b-CD+CMB-DNA=CMB (8)

The concentrations in Fig. 5(i) were CMB=
1.0×10−5 mol l−1, Cb-CD =3.0×10−3 mol l−1

and CDNA=4.0×10−5 mol l−1. From the exper-
imental conditions chosen, CMB-b-CD,CMB-DNA can
be omitted in comparison with Cb-CD,CDNA.
Therefore,

K1=CMB-b-CD/CfCb-CD (9)

K2=CMB-DNA/CfCDNA (10)

According to Eqs. (8)–(10), Cf, CMB-b-CD and
CMB-DNA were calculated: Cf=4.87×10−7 mol
l−1, CMB-b-CD=6.53×10−6 mol l−1 and CMB-DNA

=2.98×10−6 mol l−1. From the values of sec-
tion 3.1 and 3.2 (oMB-b-CD=8.46×104 l
mol−1·cm−1, oMB-DNA=3.83×104 l mol−1 cm−1

and of=6.67×104 l mol−1 cm−1), the ab-
sorbance of 0.699 was obtained. This value did
not correspond to the experimental result of 0.565
in Fig. 5(i). This means that the hypothesis was
incorrect.

Alternatively, we supposed that the inclusion
complex of MB with b-CD did not decompose
when it interacted with DNA. In this case, the
calculation could be carried out as above.

According to the experimental conditions, the
absorbance of 0.562 was obtained. This value
corresponded well to the experimental result of
0.565. This revealed that the hypothesis was
correct.

The fluorescence intensity of b-CD-MB de-
creased with increasing concentrations of DNA.
The intensity change and the shape of the fluores-
cence spectra of b-CD-MB with the increase of
DNA were similar to those of MB. When the
concentration of DNA increased up to 5.0×10−5

mol l−1, the fluorescence intensity tended to con-
stant. The dependence of the fluorescence inten-

sity on the concentration of DNA still
corresponds to the Stern–Volmer’s equation.
From experimental data, the quenching constant
(Ksv) was obtained for 6.42×104 l mol−1. The
value is almost equal to that (6.67×104 l mol−1)
in the absence of b-CD. This result proved once
again that the existence of b-CD did not affect the
interaction of MB with DNA.

In addition, we have observed that the ab-
sorbance of MB decreased with increasing con-
centrations of PO4

3− and the fluorescence of MB
can be quenched by PO4

3−, showing that MB can
interact with PO4

3−. However, the extent of inter-
action of MB with PO4

3− is much less than that of
MB with DNA, because DNA is a large molecule.

Through the research of formation of inclusion
complex of MB with b-CD, it can be estimated
that the planar tricyclic part of MB molecule
entered the hydrophobic cavity of b-CD and the
hydrophilic group=N+(CH3)2 should be out of
the cavity. The inclusion complex could be shown
as follows:

Above experimental results suggested that the
presence of b-CD did not affect the interaction of
MB with DNA and when MB-b-CD interacted
with DNA, the inclusion complex still did not
decompose. According to the experimental phe-
nomena, it could be inferred that the interactive
model of MB with DNA may be ‘electrostatic
binding’, which bound through the cationic
group=N+(CH3)2 with the cathodic ion PO4

3− in
the sugar-phosphate backbone of DNA. This con-
clusion can explain clearly the following experi-
mental phenomena: First, either one MB molecule
or one b-CD-MB molecule only interacted with
one nucleotide phosphate unit per DNA strand.
Second, the presence of b-CD did not affect the
interaction of MB with DNA. This is because the
group that interacts with DNA is out of the cavity
of b-CD. Third, the intrinsic binding constant of
MB with DNA was more than that of b-CD-MB
with DNA. The reason is that the volume of
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inclusion complex was larger than that of MB
after forming the b-CD inclusion complex of MB,
which made it difficult for the inclusion complex
to connect to DNA. In addition, it is unlikely that
the b-CD inclusion complex of larger volume can
still intercalate into or bind through the groove to
DNA like MB itself.

4. Conclusion

A new idea was provided for studying the inter-
active model of small molecules with DNA
through the inclusion action of b-CD. A different
conclusion about the interactive model of MB
with DNA was obtained by means of the inclu-
sion action of b-CD, thus, it may be ‘electrostatic
binding’ but not ‘intercalative binding’ which pre-
vious researchers thought. Further research will
provide more useful information for the interac-
tion of small molecules with DNA, especially the
interactive model with this method.
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