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Abstract 
The binding behavior of two cationic dyes, brilliant cresyl blue (BCB) and methylene green (MG) to calf thymus DNA was studied by 
spectrophotometric and voltammetric methods. A red shift of the adsorption spectra and hypochromism accompany the binding of BCB 
and MG to calf thymus DNA. In 5 x moldm ' NaCI, 5 x lo-' moldm 'tris-HCI pH 6.87 buffer solution, the apparent binding 
constants are: KBCB+ 3.0 x 104M-' ( N  = 4.13) and KMc;-  = 8.8 x 104M ' ( n  = 4.44). Electrochemical studies show that the formal 
potentials shift negatively upon addition of DNA, indicating that the oxidized forms of the dyes have stronger affinity to DNA than thc 
reduced ones. KBcs'  / K B ~ ~ ~  and K M ~ ~  / K M ~ H  are evaluated to be 10.39 and 7.04, respectively. Our invcstigation suggests that the two 
cationic dyes interact with DNA predominantly via electrostatic interaction. 
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1. Introduction 

Binding of small molecules to deoxyribonucleic acid (DNA) 
has been described by three dominant models, which refer to 
electrostatic binding, grooving binding, and intercalation. In 
1961 Lerman [ I ]  studied the binding of proflavine to DNA, 
which he first named the intercalation model. Intercalation has 
been observed in many planar aromatic molecules [2-5] and the 
classical compounds are ethidium and acridine dyes. 

Intercalation is a type of binding in which the intercalator 
surface is sandwiched between the aromatic, heterocyclic and 
DNA base pairs. Planarity was proved to be an important factor 
needed for efficient intercalation into the helix of DNA [l]. 
Brilliant cresyl blue (BCB) and methylene green (MG) are 
tricyclic aromatic cationic molecules, belonging to the phenox- 
azine and phenothiazine classes of dyes, respectively. The large 
planar hydrophobic phenoxazine and phenothiazine groups are 
expected to facilitate the intercalation with DNA double helix. In 
particular, the cationic charge of BCB and M G  would improve 
the DNA binding affinity via electrostatic interaction with 
phosphate backbone [6, 71. Several papers dealing with the 
interaction of methylene blue with DNA have been published 
recently (8, 91. However, the binding behavior of BCB and M G  
to DNA has not been reported and no kinetic data about their 
interaction with D N A  are available. 

Numerous techniques have been used to study the interaction 
of small molecules with DNA, such as UV-vis spectroscopy, 
fluorescence spectroscopy, circular dichroism, and N M  R [ 10- 171. 
Compared to these spectroscopy methods, the electrochemical 
method has received little attention in the area of the binding 
of small molecules to DNA. Several anthracycline antibiotics 
which bind to  DNA via intercalative and electrostatic interac- 
tions have been studied using a polarographic method [ 18, 191. 
Recently, Bard et al. [20, 21, 221 studied electrochemically the 
interaction of metal complexes [M(phen)i+'2+, M(bpy):+"+, M: 
Fe, Co] with double strand D N A  and described a model to 
quantify the binding of metal complexes to  DNA. Their studies 
show that the voltammetric method has many desirable features. 
For  example, shift in the formal potential (Eo ) can be used to 
differentiate intercalative interaction, involving hydrophobic 
interaction with the interior of the DNA molecule from the 

electrostatic one which involves the outer anionic coat of DNA. 
In this article, electrochemical methods combining UV-vis 
spectroscopy have been employed to study the interaction 
between dyes and DNA. Voltammetric behavior of BCB and 
M G  are described and binding parameters are reported. These 
results reveal that the cationic molecules bind to  DNA mainly 
via electrostatic interaction with no significant intercalative 
component in the binding process. 

2. Experimental 

2.1. Materials 

Calf thymus DNA (CT DNA, type I )  was purchased from 
Sigma Chemical Co. and used without further purification. DNA 
concentration per nucleotide phosphate, [NP], was determined 
spectrophotometrically assuming E ~ ~ ~ )  = 6600 M ' cm ' [23]. 
DNA stock solution was stored at  0-4'C and discarded after 
no more than two days. 

Brilliant cresyl blue (BCB) and methylene green (Beijing, 
China) were used as received (see Scheme la,b). Concentra- 
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Scheme I .  Structure of brilliant cresyl blue (a) and methylenc green (b). 
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tion of dyes was determined by using the following extinction 
coefficients: E~~~ = 4.42 x lo4 M-’ a n - ’ ,  = 2 . 9 7 ~  
lo4 M-’ cm-’ for BCB and E~~~ = 1.38 x lo4 M-’  cm-I, E~~~ = 
1.20 x lo4 M-’ cm-’ for MG. Other chemicals used for 
preparation of  supporting electrolytes (NaCI, tris, HCI) were 
analytical grade. All aqueous solutions were prepared using 
double-distilled water. 

2.2. Instrumentation 

The cyclic voltammetry (CV) experiment was performed with 
a RDE-4 bipotentiostat (Pine Instrument Co., U.S.A.) and an 
X -  Y recorder (made in China). Voltammetric measurements 
were carried out in a one-compartment cell using a platinum 
disk working electrode (disk area = 0.01 7 cm2), a platinum flag 
counter electrode and an Ag/AgCI reference electrode. An 
optically transparent thin-layer electrode (OTTLE) with a piece 
of platinum gauze was used for spectroelectrochemical mea- 
surements. The absorbance spectra were recorded on a UV- 
visible spectrophotoineter (Varian, Model DMS-90). 

2.3. Procedure 

The working electrode (platinum disk) was polished with a 
polishing cloth with 0.3 pm and 0.05 pm uA1203 before the CV 
experiment. Supporting electrolytes were 5 x lo-’ moldm-.3 
NaCI, 5 x 10 -3  moldm-’ tris solution adjusted to pH 6.87 with 
HCI. All solutions were deoxygenated by purging with high 
purity nitrogen for 15 min prior to  CV measurement. 

2.4. Absorbance Titration 

During the absorbance titration experiment, the amount of 
the free and bound dyes ( C ,  and Ch, respectively) were deter- 
mined as follows: 

From the absorbance at  the isosbestic point of 63511111, the 
total concentration of BCB molecules can be calculated as 
CT = A h 3 s / ~ 6 3 s .  This quantity was used to calculate the expected 
absorbance, A. = E~~~ C, at  the absorbance maximum of BCB. 
The diffcrence in A. and the observed absorbance was used to 
estimate the amount of DNA bound to BCB. 

C‘b A / V E  = ( A ,  - A,,hs)/(&f - &h) ( 1 )  
where Aohs  was the absorbance following each addition of DNA 
at 621 nm. E,- and Eh represent the extinction coefficients for free 
BCB molecules and that of the DNA bound BCB, respectively. 

The amount of the free BCB at any concentration is 
Cf = C T  - (‘b 

E( can be obtained from the absorption spectra of dye 

c h  was determined upon addition a large excess of C T  DNA 

In the case of MG,  the corresponding parameters of CTf, Cb. cf 

solutions that obey Beer-Lambert’s law. 

as E, = Ah?,  /CT on the assumption of the total binding. 

and cb are determined i n  the same way as BCB. 

3. Results and Discussion 

3.1. Spectra Titration 

3.1.1. S~?ec.troplioioinetric Chiitrges 
The variations of absorption spectra of BCR in the presence 

of increasing amount of CT DNA are displayed in Figure IA. 
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Fig. I .  A) Spectra of 5 pnol dni-’ brilliant cresyl blue with increasing 
concentration of calf thymus DNA (a-b: 0-350pm0ldrn-~ nucleotide 
phosphate unit) in 5 x  IO-~’  m ~ l d m - ~  NaCI, 5 x moldm-’ tris-HC1 
pH 6.87 buffer solution. B) Spectra of 4.8 pmoldm-’ methylene green 
with increasing concentration of calf thymus DNA (a-b: 0.- 
300pmoldm-3 nucleotide phosphate unit) in 5 x lo-’ moldm..’ NaCI, 
5 x mot dm tris-HCI pH 6.87 buffer solution. 

Comparing curve b with curve a in Figure. IA ,  the absorption 
spectrum shows a red shift in the presence of DNA, with a large 
decrease in the intensity a t  the absorption maximum (hypo- 
chromicity). The adsorption maximum shifts from 621 nm for 
the free BCB molecule to 637 nm for the BCB-DNA compound. 
The hypochromicity observed with BCB (20%) is compatible 
with that of other iutercalators [24]. Since hypochromism was 
suggested to be involved in interaction between the electronic 
states of the intercalating chromophore and those of the DNA 
bases [25, 261, the observed hypochromism provides evidence 
for intercalative intercalation of BCB chromophore within the 
DNA helix (i.e., the stacked base pairs). Upon intercalation, 
overlap of the T-T* electronic states of the phenoxazine 
conjugative ring of BCB with the electronic states of the DNA 
bases takes place, which may give rise to red shift of BCB 
chromophore. 

Similar changes in spectra were observed with M G  in the 
presence of DNA. Addition of DNA to 4.8 pmol din- M G  causes 
hypochromic change in spectra, and the later shifts to longer 
wavelength (shown in Fig. lB). The absorption maximum shifts 
from 649 nm to 664 nm and an isosbestic point was observed at 
663 nm. 

3.1.2. Determiizirtion of the B i n h g  Strength 

binding constants according to Scatchard equation [27]: 
A plot of v /CI  vs. v is used conventionally to  estimate the 

v/Cf = K - Knu ( 2 )  

where K is the apparent binding constant of dyes and n is the site 
size per base pair. I /  (= Cb/CN) is the moles of bound compound 
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per DNA base pair. As seen from Equation (2). if ///Cf is plotted 
against 71, a straight line with intercept K and a negative slope is 
obtained. Then, n can be calculated from the value of the slopc. 
Thus both n and K are determined. 

Scatchard plots of BCB-DNA and MG-DNA systems (data 
from Fig. 1 A, I B) are shown in Figure 2A and 2B, respectively. 
Binding constants to DNA in 5 x 10-2moldm-i NaCl/5x 
IO-'mol dm-' tris (pH 6.87) solution were estimated as 3 . 0 ~  
10"- ' ( n  = 4.13) and 8.8 x lo4 MP1 (n = 4.44) for BCB and 
MG, respectively. Binding parameters obtained are compar- 
able to the values ( K  N 104M-', n N 4), reported for typical 
planar aromatic cationic molecules, such as ethidiurn, proflavin, 
methylene blue and others 19, 281. 

3.2. Cyclic Voltammetry 

Typical cyclic voltammograms of 0.2 mmol dm--? BCB at  
platinum electrodes are shown in Figure 3 in the absence (solid 
line) and presence (dashed line) of DNA. In the absence of 
DNA, the reduction of BCB occurs a t  Epc = -0.275V and 
reoxidation at  EpI = -0.221 V. Voltammetric E 1 p ,  taken as an 
average of EpL and Ep, was -0.248 V (scan rate 50 In V/s). In the 
presence of 15.41nmol dm-' nucleotide phosphate (NP) with the 
same concentration of BCB (Fig. 3, dashed line), both the 
anodic and cathodic peak potentials shift to a more negative 
position as EpL = -0.290V and Ep, = -0.250V. The value of 
peak-peak potential difference (AE,) in the presence of DNA is 
40mV. El/?.  in this case shifts to  a more negative value by 
23 mV. 

Figure 4 shows the CV behavior of 0.2 mmol d m  -' M G  in the 
absence (solid line) and presence (dashed line) of DNA with 
[NP]  = 12.7mmoldm~3.  In the absence of DNA, reduction of 
M G  occurs a t  EpL = -0.08 V and reoxidation at  1-0.04V (scan 
rate 50mV/s) with El j2  = -0.020V. The A E ,  is 120mV. In the 
presence of DNA, EpL shifts to -0.095V and Epd to -0.035V, 
resulting in EI lZ  = -0.075 V and A E p  = 60 mV. Apparent El lz  
shifts to negative potentials by 55 mV in the presence of DNA. 

In addition to changes in peak potentials upon addition of 
DNA, the voltammetric peak currents decrease (see dashed line 
of Fig. 3 and 4). Decrease in peak currents is due to diffusion of 
the large DNA complexes whose diffusion coefficient is usually 
smaller than that of the free molecule. This conclusion is 
supported by previous work [22]. 

3.3. In situ Spectroelectrochemistry Study 

Organic dyes have been used as redox indicators [29], but their 
electrochemical behavior has not been investigated appreciably 

100 rnV - 
E/V vs. Ag/AgCl 

Fig. 3 .  Cyclic voltammograms of 0.2mmoldm ' brilliant cresyl blue in  
thc absence (solid line) and in the presence of 15.4mmol dm ' nucleotide 
phosphate unit (dashed line). Supporting electrolyte: 5 x 10 mol dni ' 
NaCI, 5 x mol din- ' tris-HCI pH 6.87 buffer solution. Scan rate: 
50mVs I ,  Potential limit (V, vs. Ag/AgCl): t 0 . 2  --0.6. 

[30]. Electrode processes of organic dyes at  glassy carbon 
electrode and dropping mercury electrode are usually consid- 
ered to  be a two-electron transfer stcp. However, recently in situ 
ESR and OTTLE studies for some organic dyes suggested 
different results at platinum electrodes [31], i.e., only onc 
electron process occurs. Attempting to identify thc clectron 
transfer number ( n )  of a cyclic voltammogram of these two 
dyes involved, we used a platinum gauze OTTLE. The numbers 
(n)  of electron transfer can be estimated from the equation a s  
follows [31]: 

E = E"' + RT/nFIn[(A - A , ) / ( A ,  - A ) ]  ( 3 )  

where A R  is the absorbance of the totally reduced form, A .  is 
the absorbance of the totally oxidized form and ,4 is the 
absorbance at  a given applied potential. 

UV-vis spectra of BCB in the absence of DNA under applied 
potentials are shown in Figure 5A. Clearly, the absorption peak 
decreases gradually with the reduction of BCB. A typical plot of 
Eapp vs. ln[(A - A R ) / ( A o  - A ) ]  (or log([O],"R])) is linear. Eo 
and n are calculated to be -0.22V and 2, respectively, from the 
intercept and slope of the plot. UV-vis spectra of BCB during 

/i--I f I 
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Fig. 2. Scatchard plots of the spectra titration for brilliant cresyl blue (A) 
(data from Fig. IA) and methylene green (B) (data from Fig. 19) with 
calf thymus DNA in 5 x 10-2moldm-3 NaCl, 5 x moldm-' tris- 
HCI pH 6.87 buffer solution. 

E N  vs. Ag/A$l 

Fig. 4. Cyclic voltammograms of 0.2 mmol dm-3 methylene green in the 
absence (solid line) and in the presence of 12.7mnioldm ' nucleotide 
phosphate unit (dashed line). Supporting electrolyte: 5 x lo-' moldm-3 
NaCI, 5 x lo-' moldm -' tris-HCI pH 6.87 buffer solution. Scan rate: 
50 mVsC'. Potential limit (V, vs. Ag/AgCI): 0.4--0.4. 
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Fig. 5. A) Spectra of brilliant cresyl blue solution at a platinum gauze 
OTTLE cell. Applied potentials ( V  vs. Ag/AgCI): a) -0.10; b) -0.225; 
c) -0.250; d) -0.275; e)  -0.290; f) -0.300. B) Spectra of brilliant cresyl 
blue solution d t  a platinum gauze OTTLE cell in presence of 
15.4mrnoldm-' calf thymus DNA. Applicd potentials ( V  vs Ag/AgCI): 
a) -0.1 10; b) -0.275; c) -0.300; d) -0.315: e)  --0.330; I) -0.380. 
Supporting electrolyte: 5 x 10 mol dm-' tris- 
HCl pH 6.87 bufi'er solution. 

moldm-' NaCI, 5 x 

reduction in the presence of DNA are shown in Figure 5B. 
According to Equation ( 3 ) ,  E" = -0.25 V and 71 = 2 are obtained. 
Similar spectroelectrochernical studies were conducted with M G  
in :he presence and absence offcalf thymus DNA. Values of 
E" = -0.030V ( n  = 2) and E" = -0.055V (n  = 2) are esti- 
mated for free and bound M G  respectively. 

Based on these results, the reaction schemes of the cationic 
BCB and M G  in the absence and presencc of DNA can be 
written as below [30]: 

BCB+ + H t  + 2c S BCBH (4) 

BCB '-DNA i H' + 2eC + BCBH-DNA ( 5 )  

M G '  + H t  +2e- + M G H  (6) 

M G t - D N A  + H c  + 2e + MGH-DNA ( 7 )  

The application of the spectroelectrochemical method in 
this experiment has two advantages: i) determination of the 
electron transfer number (12); ii) evaluation of formal potentials 
which would be useful in estimating the ratio of binding 
constants. 

3.4. Calculation of the Ratios of Binding Constants 

The net shift in the E"' can be used to calculate the ratio of 
equilibrium constant for the binding of the oxidized and the 
reduced forms to DNA as shown by Carter et id. [22]. Assuming 
both the oxidizcd and reduced forms of dye bound with a 
species (DNA) in solution. the binding equilibrium can be 

described as 

K,. 
Dye' + DNA + Hi + 2eC + DyeH + DNA 

11 KDye 11 KDyeH 

Kh 
Dyek-DNA + Hf + 2e- + DyeH-DNA 

A E  = Ef?' - E:' = 0.059//2[1og(Kdye+/KdyeH)] (8) 

Ef?' and EE' are the formal potentials of the redox couple in the 
free and bound forms. respectively. Kdyc- and KdyeH represent 
the corresponding binding constants for the oxidized and 
reduced species to DNA. 

Potential shift data have been afforded by the cyclic volt- 
ammogram. Thus for a shift of 23mV, the ratio of binding 
constants, KBcB+ /KBCBH is 6.02. However, in the case of MG, 
K M G  I /KMGH = 73.2 are obtained. Obviously, there is a great 
difference between KBCR, /KBCBf4 and KMG+ /KbIGH. What is 
responsible for the difference? 

Note that the cyclic voltammogram of M G  in the absence of 
DNA is greatly distorted by adsorption of the reduced species 
on the platinum bulk electrode. I t  makes uncertain the value 
of the standard potential of the M G  redox couple. Uncer- 
tainty in Eo probably leads to the large difference between 
KBc.B. / KBCBH and K,,+ /KMGH because of  the exponential 
relationship between the potential shift and the(  ratio of 
binding constants. A better way of estimating Eo for this 
couple is needed in order to produce meaningful assessments 
of the binding ratio ofKMGi /Kqc;H through the potential shift 
data. Compared with the voltammetric method, the OTTLE 
spectroelectrochemical method by plotting Eapp vs. log([O]/ 
[R]) provides a formal potential which is barely affected by 
adsorption of the reduced species on platinum electrodes. 
Therefore, the binding ratios are recalculated using the formal 
potential determined from the OTTLE. For  BCB, 
KBcBI /KBCBH = 10.39, i.e. the BCB' species is bound ca. ten 
times inore strongly than the BCBH species. However, in the 
case of MG, KbfCit /K,,H = 7.04. It means that the oxidized 
MG' species bound about 7.04 times as strongly as  the 
reduced M G H  form. The results with BCB and M G  are in 
consistent. 

The oxidized form of BCB and M G  are planar molecules 
which are capable of ntercalating and electrostatic binding to  
DNA. However, the reduced species are electrically neutral and 
are incapable of binding to DNA via electrostatic interaction. 
Only weak binding takes place between the reduced forms and 
DNA. It is clear that the cationic character of the oxidized dyes 
plays a significant role in the binding process. Compared with 
intercalativc interaction, electrostatic interaction is a more 
important binding component for intercalation of dyes into the 
helix of DNA. 

4. Conclusion 

RCB and MG bind to calf thymus DNA with high affinity. 
Red shifts and strong hypochromism acconipany the binding of 
BCB and M G  to DNA. Apparent binding constants are 
determined successfully from spectra titration. A spectroelec- 
trochemical method has been used to evaluate the binding 
affinity of these two dyes to DNA in oxidized and reduced 
forms. Our results confirm the importance of the electrostatic 
interaction between the cationic dyes and DNA. 
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