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bstract

Binding of baicalein, wogonin and baicalin to fish sperm DNA was studied by using ethidium bromide dye as a fluorescence probe. To study
he binding mechanism, the absorption, fluorescence, melting temperature and viscosity measurement were carried out. The experimental results
ndicated that the planar of flavonoids intercalated to the DNA helix. When bound to DNA, flavonoids showed hyperchromic and blue shift in the
bsorption spectra and fluorescence quenching (>50%) in the fluorescence spectra. Furthermore, the intercalative binding was consistent with the
ed shift in the position of λmax in the fluorescence spectra. It was also found that ionic strength had little or no effect on the binding of flavonoids
nd DNA. Stern–Volmer plots at 25 and 37 ◦C showed that the quenching of fluorescence by flavonoids was a combined quenching process. The

inding site number n, apparent binding constant KA at 25 and 37 ◦C, and the corresponding thermodynamic parameters �G, �H, �S at 25 ◦C
ere obtained. The interaction of flavonoid–metal complexes with DNA was also studied by spectral methods, and the results suggested that the

omplexes intercalated into DNA.
2007 Published by Elsevier B.V.

ce qu

t
fl
a
a
m
p

v
c
p
a
i

eywords: Baicalein; Wogonin; Baicalin; DNA; Ethidium bromide; Fluorescen

. Introduction

In recent years, fluorescent dyes [1–3], metal complexes [4,5]
nd drugs [6–9] have been widely employed in the research of
ucleic acid. Because the intracellular target for a wide range of
nticancer and antibiotic drugs is DNA, the binding studies of
mall molecules with DNA are very useful in understanding the
rug–DNA interactions, designing new and promising drugs for
linical use and developing sensitive chemical probes of nucleic
cid structure. Although DNA has a natural fluorescence, the
ntensity is so weak that the direct use of the fluorescence emis-
ion of DNA is limited to study its properties [10]. Ethidium

romide (EB), acridine orange, methylene blue and similar fluo-
escent compounds are normally used to probe DNA structure in
rug–DNA and protein–DNA interactions [11]. The binding of

∗ Corresponding author. Tel.: +86 431 85168399; fax: +86 431 85112355.
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hese pigments to double-stranded DNA greatly enhances their
uorescence intensity and lifetime [12–14]. There is a higher
ffinity of EB with DNA duplex because EB provides greater
ccessibility for DNA binding rather than acridine orange and
ethylene blue [15]. Thus, EB was selected as the probe in this

aper.
Flavonoids are naturally occurring compounds found in fruit,

egetables, and plant-derived beverages, such as wines, tea,
ocoa, and fruit juices [16]. This family of polyphenolic com-
ounds is an important constituent of the human diet, where the
verage intake is in the range of 50–800 mg/day [17]. Variation
n the two benzene rings (A and B) of the basic structure gives
ise to flavonols, flavones, catechins, flavanones, anthocyanidins
nd isoflavones. Scutellaria baicalensis Georgi is one of the most
ommon flavones present in nature. It is also one commonly used

erbal medicine in China and other East Asian countries, and
t has been officially listed in the Chinese Pharmacopoeia for
long time [18]. Baicalein, wogonin and baicalin (Fig. 1(a–c))

re the main active components in Scutellaria baicalensis Georgi

mailto:analchem@jlu.edu.cn
dx.doi.org/10.1016/j.snb.2007.09.082
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ig. 1. Molecular structure of (a) baicalein, (b) wogonin, (c) baicalin and (d)
avone and flavonol.

19]. These components possess anti-allergic [20], antioxidant
21,22], anti-HIV [23,24], anti-inflammatory [25], anti-tumor
26–28], anxiolytic [29], anti-hepatitis B virus [30], antigeno-
oxic activity [31], and anti-SARS coronavirus effects [32].

The chemical structures of flavones and flavonols are pre-
ented in Fig. 1(d). Studies show that flavonols can bind
NA by intercalation and the planarity of the chromophore

s limiting factors in the interaction [33–35]. In this paper,
he mechanism of flavonoids–DNA interaction was studied
y absorption, fluorescence, melting temperature and viscos-
ty measurement. Flavonoids form the stable compound with
arious metal cations, which have demonstrable antibacterial

roperties and anti-tumor activity [36,37]. It is obvious that a
etter knowledge of the interaction between flavonoid–metal
omplexes and DNA may permit a better understanding of the
iological and pharmaceutical properties of flavonoids in pres-
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nce of metals. So the interaction of metal complexes with DNA
as investigated by spectral methods.

. Experimental

.1. Reagents and materials

Highly polymerized deoxyribonucleic acid (DNA) from
sh sperm and EB were commercially purchased from Sigma
nd used without further purification. The stock solution of
NA and EB were prepared by directly dissolving the DNA

nd EB in doubly distilled water and stored at −4 ◦C in
he dark, and the concentration of DNA and EB in solu-
ion were determined spectrophotometrically using extinction
oefficients of ε260 (25 ◦C) = 6600 L mol−1 cm−1 [38] and ε480
25 ◦C) = 5600 L mol−1 cm−1, respectively. Purity of the final
NA preparation was checked by monitoring the absorption

pectrum and the ratio of the absorbance at 260–280 nm. The
olution gave a ratio of A260/A280 > 1.8, indicating that DNA
as sufficiently free from protein [38].
The stock solutions of baicalein, wogonin and baicalin pur-

hased from China Drug Biological Product Qualifying Institute
ere prepared in ethanol. The CuCl2, MgCl2 and AlCl3 used in

he experiment were obtained from Tianjin Chemical Reagents
ompany. The inorganic salt stock solutions were prepared in
oubly distilled water, and the concentration of Cu(II), Mg(II)
nd Al(III) was 1.0 mol L−1, respectively. Briton–Robinson
uffer (pH 7.4) was used to control the pH of the working
olution and NaCl was used to adjust the ionic strength of
he solution. The solutions were adjusted with the Tris–HCl
uffer solution (0.05 mol L−1, pH 7.4) when the binding of
he flavonoid–metal complexes to DNA was studied. All other
eagents were of analytical reagent grade, and doubly distilled
ater was used throughout. All working solutions were prepared
y appropriate dilution at a room temperature before used.

.2. Procedures

.2.1. Spectral measurements
All absorption spectra were conducted using a GBC Cintra

0e UV–vis spectrophotometer (Australia) and a matched set of
cm path length quartz cuvettes. The slit width was 1.5 nm, and

he scan rate was 442 nm min−1. The UV–vis absorption spectra
f flavonoids and the flavonoid–metal complexes were mea-
ured. The drug–Cu(II), drug–Mg(II) and drug–Al(III) binary
ystems were formed by titrating the flavonoids with CuCl2,

gCl2 and AlCl3 stock solutions in microliter quantities, respec-
ively.

All fluorescence measurements were performed on a Shi-
adzu RF-5301PC fluorescence spectrophotometer (Kyoto,

apan) using a quartz cuvette of 1 cm path length. Samples were
xcited at 543 nm, and emission spectra were recorded in the

ange from 550 to 700 nm. Both emission and excitation slits
ere set at 5 nm. The fluorescence spectra were measured by fix-

ng the concentration of DNA–EB while varying the flavonoid
oncentration.
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Fig. 2. Absorption spectra of (a) baicalein, (b) wogonin and (c) baicalin in the
p
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All solutions were shaken thoroughly and allowed to equi-
ibrate for 20 min before spectral measurements were made at
oom temperature. The pH value of solution was measured with a
elta 320 pH meter (Mettler-Toledo Instruments (Shanghai) Co.
td., Shanghai, China). An electric thermostat water-bath (Tian-

in Taisite Instrument Company, Tianjin, China) was used for
ontrolling the temperature. The primary data were transferred
o the ORIGIN graphic program for plotting and analysis.

.2.2. DNA melting studies
DNA melting experiments were carried out by monitoring the

uorescence intensities of the sample at various temperatures in
he absence and presence of the flavonoids. The temperature of
he sample was continuously monitored with a thermocouple
ttached to the sample holder. The fluorescence intensities were
hen plotted as a function of temperature ranging from 20 to
00 ◦C. The melting temperature (Tm) of DNA was determined
s the transition midpoint.

.2.3. Viscosity measurements
Viscosity measurements were performed by using a vis-

ometer, which was immersed in a thermostat water-bath
t 30 ± 0.1 ◦C. Typically, 10.0 mL buffer and 10.0 mL DNA
ere transferred into the viscometer separately. An appropri-

te amount of drugs were then added into the viscometer to give
certain r (r = [drug]/[DNA]) value while keeping the DNA con-
entration constant. After a thermal equilibrium was achieved
15 min), the flow times of samples were repeatedly measured
ith an accuracy of ±0.2 s by using a digital stopwatch. Flow

imes were above 200 s, and each point measured was the aver-
ge of at least five readings. The data were presented as (η/η0)1/3

ersus r, where η and η0 are the viscosity of DNA in the presence
nd the absence of drug, respectively.

.2.4. Effect of ionic strength
A series of assay solutions containing various amount of NaCl

nd a fixed amount of flavonoid–DNA–EB were prepared to
easure the fluorescence intensity. Furthermore, the quench-

ng constants of the flavonoid–DNA–EB complex at three salt
oncentrations (0, 0.1 and 0.2 mmol L−1) were determined.

. Results and discussion

.1. UV–vis spectral studies

The binding of drugs to DNA has been characterized clas-
ically through absorption titrations [39]. Generally, red shift
or blue shift) and hypochromic (or hyperchromic) effect are
bserved in the absorption spectra of small molecules if they
ntercalate with DNA. The UV–vis spectra of the flavonoids
re characterized by two transitions: a lowest energy absorp-
ion in the 304–350 nm region (bandI), and a highest energy
and in the 250–280 nm region (bandII). The absorption spec-

ra of flavonoids are given in Fig. 2. Baicalein has three peaks,
17, 275 and 335 nm, wogonin has four peaks, 214, 240, 280
nd 360 nm, respectively and baicalin has three peaks, 215, 278
nd 315 nm. The absorption peaks of 275, 280 and 278 nm are

t
t
c
t

resence of DNA at different concentrations. CDNA = 0.00, 2.21, 4.42, 6.62, 8.83
nd 11.04 × 10−5 mol L−1 for curves 1–6. Arrow shows that the absorbance
hanges upon increasing DNA concentration.

ttributed to the absorption of benzoly of ring A (bandII), and

he absorption peaks of 335, 360 and 315 nm are attributed to
he absorption of cinnamoyl of ring B (bandI). The spectral
hanges in the presence of DNA are clearly observed. Because
here is no substituent group of ring B, the absorption at 335,
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60 and 315 nm is without any change. A blue shift of 14, 6
nd 6 nm are observed from the absorption at 275, 280 and
78 nm, and the absorption intensity increase by 97.9%, 42.9%
nd 45.8% when 0.11 mmol L−1 DNA is added, respectively.
ecause the A ring in the flavonoids is coplanar with the B ring
nd the A ring is stabilized by the intra-molecular hydrogen
onds (O2–H–O5), which would also facilitate its entry into the
ntercalation site. The electronic absorption spectra of the three
inds of flavonoids in the presence of DNA show strong hyper-
hromicity and blue shift in the absorption of benzoly of ring A,
ndicating the intercalation of the three kinds of flavonoids with
NA.

.2. Fluorescence spectroscopic studies

.2.1. Binding characteristics of flavonoids with DNA in
he presence of EB

The fluorescence method is very useful to estimate the biolog-
cal activities of some drug molecules because their biological
ctivities correlate well with DNA binding affinity. In terms of
he mechanism, small molecules are bound to DNA double helix
y three binding modes: electrostatic binding, groove binding
nd intercalative binding [40]. Fluorescence of EB is weak, but
ts fluorescence intensity in the presence of DNA can be greatly
nhanced (see Fig. 3) because of its strong intercalation between
he adjacent DNA base pairs. It was reported that the enhanced
uorescence can be quenched, at least partly by the addition of
second molecule [41–43]. So the binding of the flavonoids
as evaluated using competitive binding studies involving
B.

The optimal ratio of DNA to EB in solution was deter-
ined by a fluorescence method. The concentration of EB
3.9 × 10−6 mol L−1) was fixed and the concentration of DNA
as varied in assay solutions. The fluorescence signal increases
y increasing the concentration of DNA (Fig. 4). When DNA
oncentration is higher than 6.6 × 10−5 mol L−1, the change

ig. 3. Fluorescence spectra of (a) EB, (b) DNA and (c) EB–DNA with excitation
t 543 nm in a Britton–Robinson buffer. The concentrations of DNA and EB were
.2 × 10−5 and 3.9 × 10−6 mol L−1, respectively.
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ration of DNA. CEB = 3.9 × 10−6 mol L−1; CDNA = 0.00, 1.10, 2.21, 3.31, 4.42,
.52 and 6.62 × 10−5 mol L−1.

f fluorescence intensity tends to be a constant. Based on this
esult, the DNA concentration in the experiment was selected as
.1 × 10−5 mol L−1 and the ratio of DNA to EB was 2.82:1.

The emission spectra of EB bound to DNA in the absence
nd the presence of flavonoids are given in Fig. 5. There are a
ignificant decrease in the fluorescence intensity (>50%) and a
ed shift in the emission wavelength from 593 to 600 nm. The
hift is attributed to the overlap of the decreasing DNA–EB band
t 593 nm and the progressively growing 600 nm band from the
ree EB in solution. Furthermore, the quenching is not saturated
hen the fluorescence intensity is reduced to nearly half the

nitial value. These results indicate that the DNA-bound EB flu-
rophore is partially replaced by flavonoids and the flavonoids
ntercalate into the DNA, which is consistent with the above
esults obtained by absorption measurement.

However, at increasing concentrations of the fluorescent
ubstrate, its increasing absorbance introduces the inner fil-
er effect (IFE) that decreases the fluorescence emission and
hange. So the inner filter effect must be evaluated. The cor-
ected fluorescence intensity is approximately given byFcorr =
obs e(Aex+Aem)/2 [44], where Fcorr and Fobs are the corrected
nd observed fluorescence intensities, and Aex and Aem are the
bsorbance values of flavonoids at the excitation and emission
avelengths. The experimental results indicated that the sum of

he absorbances at excitation and emission wavelengths was less
han 0.001 and the value of e(Aex+Aem)/2 was about 1.0 when the
oncentrations of flavonoids was less than 11.30 × 10−5 mol/L.
o the observed fluorescence intensities were applied throughout

he experiment.

.2.2. Fluorescence quenching studies
Fluorescence quenching refers to any process in which the
uorescence intensity of a given fluorophore decreases upon
dding quencher [45]. Stern–Volmer Ksv is used to evaluate the
uorescence quenching efficiency. According to the classical
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Fig. 5. Fluorescence spectra of EB bound to DNA in the absence and pres-
ence of (a) baicalein, (b) wogonin and (c) baicalin. CEB = 3.9 × 10−6 mol L−1;
CDNA = 1.1 × 10−5 mol L−1; Cbaicalein = 0.00, 1.11, 2.22, 3.34, 4.45, 5.56, 6.67,
7.78, 8.90 and 10.00 × 10−5 mol L−1; Cwogonin = 0.00, 2.02, 3.04, 4.05, 5.06,
6.07, 7.08, 8.10 and 9.11 × 10−5 mol L−1; Cbaicalin = 0.00, 1.26, 2.51, 3.77, 5.02,
6.28, 7.54, 8.79, 10.05 and 11.30 × 10−5 mol L−1. The arrow shows the intensity
changes on increasing the flavonoids concentration.
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tern–Volmer equation [46]:

F0

F
= 1 + Kqτ0[D] = 1 + Ksv[D]

here F0 and F are the fluorescence intensities in the absence
nd presence of flavonoids, respectively. Kq is the DNA–EB
uenching rate constant. τ0 is the average lifetime of DNA–EB
n the absence of the flavonoids and its value is 10−9 to 10−7 s
43,47]. [D] is the flavonoids concentration. Ksv is the quenching
onstant and equals Kq multiplied by τ0. Based on the quenching
f EB fluorescence, an experimental strategy for determining the
uenching constant of the ligand molecule interacting with DNA
as become a standard method in nucleic acid chemistry [48].
lavonoids with increasing concentration were added into the
xed amount of DNA–EB solution. The nature of the quench-

ng process was inferred by comparison of the behavior of the
tern–Volmer plots at 25 and 37 ◦C. The quenching curves are
hown in Fig. 6, where each point in the plots is the average
f five values measured at the maximum emission (λmax). For
he concentration of flavonoids lower than 50 �mol L−1, which
orresponds to the molar ratio drug/DNA of 5:1, the behaviors
f the three plots are linear. However, the plots show a small
pward concave curvature toward the y-axis at the flavonoid
oncentrations higher than 50 �mol L−1.

It is well known that there are two quenching processes: static
nd dynamic quenching [47]. Fluorescence quenching can be
ynamic, resulting from the collisional encounters between the
uorophore and quencher, or static, resulting from the forma-

ion of a ground-state complex between the fluorophore and
uencher [47]. The plots of the quenching of EB bound to DNA
y the flavonoids progressively loose its linearity, which indi-
ates that not only one type of quenching process occurred. First,
ased on the Stern–Volmer equation and curves in Fig. 6, the Ksv
an be obtained (Table 1). Based on Ksv = Kqτ0 and τ0 values
43,47], the Kq can be obtained (Table 1). For baicalein, wogo-
in and baicalin, the values of Kq (Table 1) are much greater
han 2.0 × 1010 L s−1 mol−1, the maximum diffusion collision
uenching rate constant of various quenchers with biopolymers
49]. The experimental results demonstrate that the quench-
ng process is static quenching. Secondly, dynamic quenching

epends upon diffusion. Since increasing the temperature results
n higher diffusion coefficients, the quenching constants are
xpected to increase [45,50]. The deviation of the plots toward
he y-axis and the upward concave curvature are significant

able 1
he quenching constants and quenching rate constants for flavonoids and DNA
t 25 and 37 ◦C

ompound T (◦C) Ksv (104 mol L−1) Kq (1011–13 L s−1 mol−1) r

aicalein 25 1.26 1.26 0.9960
37 1.87 1.87 0.9941

ogonin 25 1.45 1.45 0.9912
37 1.96 1.96 0.9935

aicalin 25 1.17 1.17 0.9854
37 1.50 1.50 0.9965

is regression coefficient
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If the enthalpy change (�H) does not vary significantly over
the temperature range studied, then the enthalpy change can be
estimated indirectly by examining the temperature dependence
of KA and using the van’t Hoff equation. That is to say, the

Table 2
Binding constants and binding sites of flavonoids to DNA at 25 and 37 ◦C

Compound T (◦C) KA (105 mol L−1) n r

Baicalein 25 0.53 1.15 0.9992
37 1.38 1.21 0.9978

Wogonin 25 1.33 1.23 0.9985
37 1.76 1.22 0.9993
ig. 6. Stern–Volmer plots for the quenching of DNA–EB by flavonoids at 25
nd 37 ◦C.

hen the temperature increases. The increasing of the angu-
ar coefficient caused by the higher temperature suggests the

ccurrence of dynamic quenching for DNA–EB quenching by
avonoids. On the other hand, a non-linear Stern–Volmer plot
ay be suggestive of the existence of more than one binding

B

r

ors B 129 (2008) 799–810

ite with different accessibilities for flavonoids in the proximity
f DNA, and such sites would facilitate flavonoids penetration
nto the hydrophobic region of DNA. It is also possible that the
ncreasing number of binding sites can be the result of confor-

ational changes in the DNA molecule, or it may indicate the
ccurrence of combined quenching.

There are some differences of the three kinds of flavonoids
n the structure, but the graphs (Fig. 6) indicate that quenching
f EB–DNA by baicalein, wogonin and baicalin is similar.

.2.3. Binding constants and binding sites
If the static binding reaction between the DNA and drug hap-

ens, and there are the similar and independent binding sites
in the DNA, namely, the binding capability of DNA at each

inding site is equal. The binding constant KA and the number
of binding sites can be described by following equation [51]:

og
F0 − F

F
= log KA + n log[D]

Based on the equation and curves in Fig. 5, the binding con-
tant KA and the number n of binding sites are obtained and
hown in Table 2.

.2.4. Thermodynamic parameters and the nature of the
inding forces

To get a detailed view of the interaction, the approach of
arsing the free energy into component terms is a powerful and
nsightful method. Intercalators are a very important class of
NA interactive ligand, while the number of detailed thermo-
ynamic studies characterizing these interactions is relatively
ew. There are essentially four types of non-covalent interac-
ions that can play a role in drugs binding to biomolecules
uch as hydrogen bonds, van der Waals forces, electrostatic
nd hydrophobic bonds interactions. Intercalation, a planar aro-
atic chromophore is inserted between two adjacent base pairs

n a DNA helix, and minor groove binding, an isohelical drug
olecule binds in the minor groove of DNA without inducing

ignificant structural changes in the DNA [52]. The complex of
ntercalation is stabilized by hydrophobic interactions and van
er Waals forces, however, the complex of minor groove binding
s stabilized again mainly by hydrophobic interactions [52].
aicalin 25 0.24 1.08 0.9977
37 0.82 1.18 0.9923

is regression coefficient.
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Table 3
Thermodynamic parameters for the interactions of flavonoids and DNA at 25 ◦C

Compound �G (kJ mol−1) �H (kJ mol−1) �S (J mol−1 k−1)

Baicalein −26.97 60.77 294.44
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ogonin −29.23 17.93 158.26
aicalin −28.02 77.80 449.11

nthalpy change is considered as 0 in little change of tempera-
ure.

n
KA2

KA1
=

(
1

T1
− 1

T2

)
�H

R

The free energy change (�G) and the entropy change (�S)
re estimated from the following relationship:

G = −RT ln KA = �H − T�S

In this paper, based on the binding constant KA values
btained from the experimental results at 25 and 37 ◦C, �G,
H and �S obtained are listed in Table 3. These results show

hat the binding of flavonoids to DNA is endothermic, and the
cting force between flavonoids and DNA is mainly hydropho-
ic interaction forces. When the chromophore penetrates the
NA helix, the main interaction is hydrophobic contact, but the
an der Waals forces and hydrogen bonds cannot be excluded.
he stabilization of the flavonoid–DNA complexes is due to a
ydrophobic interaction between the hydrophobic segment of
he flavonoids and the intercalation site, which would permit
his part of the chromophore to penetrate the DNA helix and to
rrange its planar structure parallel to the adjacent planes of the
itrogenous bases. It is known that the hydrogen bond can be
ormed to stabilize the already intercalated molecules. A strong
ydrogenous bond between a flavone (2,6-dimethoxyflavone)
nd orthophosphoric acid was found in an interesting study based
n X-ray crystallographic data [53].

.3. Melting studies

The melting temperature (Tm) of DNA characterizes the tran-
ition from double-stranded to single-stranded nucleic acid [54].
NA melting experiments were carried out by controlling vari-
us temperatures in the absence and presence of flavonoids while
onitoring the fluorescence intensity. Intercalation of small
olecules into the double helix is known to cause stabilization

f base stacking and increase the DNA melting temperature, at
hich the double helix denatures into single stranded DNA [55].

ntercalation binding can stabilize the double helix structure and
m increases by about 5–8 ◦C, but the non-intercalation binding
auses no obvious increase in Tm [56]. The DNA melting curves
btained in the absence and presence of flavonoids are shown in
ig. 7, and the Tm value decreases from 89 to 85 ◦C. Because the
lanar of flavonoids is different with the rigid planar of the typ-

cal intercalator, the decreased value is less than those obtained
ith classical intercacators. That is to say, the flavonoids provide

ower accessibility for DNA binding than EB and the stability of
he flavonoids–DNA complex is poorer than that of the EB–DNA
omplex.

3

e
c

ig. 7. Melting curves of DNA–EB in the absence of flavonoids (a) and in the
resence of flavonoids (b).

.4. Viscosity studies
In addition to spectroscopic data we carried out viscosity
xperiment which is regarded as less ambiguous and the most
ritical test for a DNA binding model in solution, and provides
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Table 4
Effect of ionic strength on the quenching constants of flavonoids–DNA

CNaCl (mol L−1) Ksv (104 mol L−1)

Baicalein Wogonin Baicalin

0 1.07(0.9868) 0.90(0.9949) 0.96(0.9963)
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tronger arguments for intercalation mode [56,57]. A classical
ntercalation mode results in lengthening the DNA helix, as base
airs are separated to accommodate the binding ligand, lead-
ng to the increase of DNA viscosity [40]. However, a partial
nd/or nonclassical intercalation of ligand may bend (or kink)
he DNA helix, resulting in the decrease of the effective length
nd the viscosity [57–59]. Fig. 8 shows the effect of increas-
ng the flavonoid concentration on the relative viscosity of the
NA. The relative viscosity of DNA increases, which follows

he order, baicalein > baicalin > wogonin. The increased relative
iscosity of DNA indicates the intercalation of flavonoids into
NA, which can be also explained by the molecular structure,

s the A ring in the flavonoids is coplanar with the B ring and
he A ring is stabilized by the intra-molecular hydrogen bonds
O2–H–O5) that may lead to the intercalative mode.

.5. Effect of ionic strength on the fluorescence properties

The study of the ionic strength effect is also an efficient
ethod to distinguish binding mode between molecules and
NA. It is apparent that intercalative binding and groove bind-

ng are related to the groove in the DNA double helix, but the
lectrostatic binding can take place out of the groove. When
aCl exists in the system, the electrostatic repulsion between the
egatively charged phosphate skeletons on adjacent nucleotides
s reduced with increasing the concentration of Na+. That is
o say, electrostatic interactions are shielded by the presence
f ions and the DNA chains will be tightened. However, for
roove binding modes, a small molecule binds in the groove of
NA duplex and exposes much more to the solvent surround-

ng than it does for the intercalation [56,60]. Thus, the groove
ound molecules can be released from the helix by increasing the
onic strength, whereas it is difficult for the intercalating bound
olecules to be released [56]. So the effect of NaCl on the flu-
rescence of flavonoid–DNA–EB and DNA–EB were studied.
lassical intercalators are planar aromatic ring systems such
s acridines, anthracyclines, EB, etc. [61]. In particular, EB

ig. 8. Effect on the relative viscosity of DNA–EB in the presence of (a)
aicalein, (b) wogonin and (c) baicalin.

3

c
o
t
fl
t
t
s
o
a
s
a

3
M

i
a
(
2
i

.1 1.73(0.9906) 1.40(0.9869) 1.43(0.9862)

.2 2.26(0.9973) 1.80(0.9940) 1.84(0.9897)

he data in the parentheses is the regression coefficient.

olecule is a planar aromatic ring system positively charged.
hus, the interaction between EB and DNA has two binding
odes: intercalative binding and electrostatic binding.
The experimental results show that fluorescence intensi-

ies of DNA–EB and flavonoid–DNA–EB decrease linearly
ith increasing NaCl concentration at the same solution

onditions. Furthermore, we studied the quenching of the
avonoid–DNA–EB at three salt concentrations (0, 0.1 and
.2 mmol L−1). The quenching constants are obtained and
hown in Table 4. It can be seen from Table 4 that the quench-
ng constants increase with the increase of the ionic strength.
he reason of the increase for quenching constants is that the
B molecule by electrostatic binding is released from the helix
ue to the electrostatic attraction between phosphate group and
a+. However, the EB molecule by intercalative binding can-
ot be influenced by the ionic strength. On the other hand,
he existence of Na+ ions makes the double helix structure of
NA gather together longitudinally, and flavonoids are likely to

ntercalate the helix through the addition of salt. These results
ndicate that ionic strength has an influence on the binding
ehavior of EB with DNA, however, the effect of ionic strength
n the flavonoids–DNA system is very limited. So the interaction
etween flavonoids and DNA is intercalative binding.

.6. Effect of metal ions

Some metal ions, such as Cu(II), Mg(II) and Al(III), espe-
ially transition metals, not only play vital roles in a vast number
f widely biological processes, but also may be potentially
oxic in their free state. The studies of interactions between
avonoid–metal complexes and DNA are important to further

he understanding of pharmacology of flavonoids. Some litera-
ures dealt with the complex formation of quercetin with metals,
uch as Al(III), Fe(II), Fe(III) and Cu(II), etc. However, data
n the composition, structure and complex formation features
re sometimes incomplete and contradictory [62]. Although the
tructures of the three flavonoids are similar, some differences
re observed in their spectra.

.6.1. Binding characteristics of flavonoids with Cu(II),
g(II) and Al(III)
Titrating flavonoids solution with Cu(II), Mg(II) and Al(III)

n increasing concentration in the Tris–HCl buffer (pH 7.4) sep-

rately. In the UV–vis spectra, baicalein absorption peaks at 270
bandII) and 344 nm (bandI) are observed (Fig. 9). The peak of
70 nm with addition of Cu(II) or Mg(II) first shows a decrease
n the absorbance, and then an increase with blue shift (13 nm).
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Fig. 9. Absorption spectra of baicalein in the presence of (a) Cu2+, (b) Mg2+

and (c) Al3+. Cbaicalein = 2.66 × 10−5 mol L−1; [Cu2+] = 0.00, 1.00, 2.00, 3.00,
4
1
2

R
s
t
p
t
4
t

The UV–vis absorption spectra of wogonin and baicalin in
the presence of Cu(II), Mg(II) or Al(III) were examined (data not
displayed). There are two possible groups on flavonoids that can
interact with metal ions: the 5-hydroxyls and the 4-carbonyl of
.00, 5.00, 6.00 and 7.00 × 10−5 mol L−1; [Mg2+] = 0.00, 0.25, 0.50, 0.75, 1.00,

.25, 1.50 and 1.75 × 10−2 mol L−1; [Al3+] = 0.00, 0.40, 0.80, 1.20, 1.60, 2.00,

.40 and 2.80 × 10−4 mol L−1.

ed shift occurs at peak of 344 nm (14 nm). But the absorption
pectra of baicalein–Al(III) complex only shows a decrease of
he absorption intensity. The titration of baicalein–metal com-

lexes is characterized by forming two isosbestic points, and
he absorption spectra appear a new peak at the wavelength of
26 nm and increase progressively in absorbance, which indicate
hat baicalein can form stable complexes with metal ions.

F
t
(
D

ors B 129 (2008) 799–810 807
ig. 10. Fluorescence quenching curve of EB bound to DNA at the same concen-
ration of the metal ions (16 �mol L−1) by flavonoids: (a) DNA–EB–flavonoid,
b) DNA–EB–flavonoid–Cu2+, (c) DNA–EB–flavonoid–Mg2+ and (d)
NA–EB–flavonoid–Al3+.



8 ctuat

r
M
n

3
q

w
c
F
fl
m
t
i
T
f
e
c
fl
o
s
i
i
l
h
b
p

g
m
c
v

4

e
q
n
r
t
a
p
m
F
w
m
a
p
s
i
a
c
p
w
v
p

a
s
c
p

R

[

[

[

[

[

[

[

[

[

08 Y. Sun et al. / Sensors and A

ing C. These results indicate that flavonoids can bind to Cu(II),
g(II) or Al(III) and the bound chromophore is converted to a

ew species, and the binding modes is similar.

.6.2. The influence of metal ions on the fluorescence
uenching of DNA with flavonoids

In order to make the results comparable, the same procedure
as applied to estimate the quenching of the flavonoid–metal

omplexes binding to DNA in the Tris–HCl buffer (pH 7.4).
luorescence quenching experiments were conducted by adding
avonoids into the samples containing the fixed of DNA–EB and
etal ions concentration. When the molar ratio of the flavonoid

o DNA increased, the extent of the fluorescence quenching
ncreased gradually at the same concentration of the metal ions.
he quenching curves are shown in Fig. 10. It can also be found

rom Fig. 10 that the fluorescence of DNA–EB is quenched
fficiently by the baicalein–Al(III) complex. When baicalein
oncentration increases to 2.66 × 10−5 mol L−1, the change of
uorescence intensity tends to be constant. However, the action
f baicalin–Al(III) to quench the DNA–EB is weakened in the
ystem. The planarity of baicalein–Al(III) complex efficiently
ntercalates into DNA base pairs, but the branch chain of baicalin
s not helpful to intercalate. The branch chain of baicalin is
ikely to bind DNA by out-side self-stacking along the DNA
elix, or bind DNA in the groove. This can be explained that
aicalein–Al(III) has a higher binding affinity with DNA com-
ared with wogonin–Al(III) and baicalin–Al(III).

All of the above facts indicate that the 5-hydroxy-4-carbonyl
roup of flavonoids presents the strongest chelating power with
etal ions, and extends the planarity of flavonoids so that these

omplexes can intercalate into the double helix of DNA with
arying binding affinities.

. Conclusions

The binding of flavonoids to DNA results in hyperchromic
ffect and blue shift in UV–absorption spectra and fluorescence
uenching in fluorescence emission spectra. There are a sig-
ificant decrease in the fluorescence intensity (>50%) and a
ed shift in the emission wavelength. These spectral charac-
eristics strongly support intercalation of flavonoids into DNA,
nd the intercalated EB is displaced from the DNA–EB com-
lex by flavonoids. This conclusion is further reinforced by
elting experiments, viscosity measurements and salt effects.
rom a variety of experiments, it is concluded that baicalein,
ogonin and baicalin intercalate into the double-stranded DNA
olecules, which accounts for the high binding constant. In

ddition to the binding mode, the complete thermodynamic
rofiles for the binding of flavonoids to DNA are also con-
tructed, and results show that the binding of flavonoids to DNA
s endothermic. The different behavior of baicalein, wogonin
nd baicalin binding to DNA duplex is due to the different side
hain of the benzoly of ring A, and the branch chain of baicalein

rovides greater accessibility for DNA binding than those of
ogonin and baicalin. This is also confirmed by the spectral and
iscosity measurements, so that the benzoly of ring A of the
lanarity of flavonoids is important for binding.

[

[

ors B 129 (2008) 799–810

The effects of flavonoid–metal on the binding to the DNA by
pplying UV–absorbtion and fluorescence spectrometry were
tudied. The results clearly show that these metal ions form
omplexes with baicalein, wogonin and baicalin, and these com-
lexes influence the fluorescence quenching in the system.
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