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bstract

A new ligand, ethylenediiminobi(6-hydroxychromone-3-carbaldehyde) Schiff-base (L), was prepared by condensation of 6-hydroxy-3-
arbaldehyde chromone (CDC) with ethylenediamine. Its three rare earth complexes have been synthesized and characterized on the basis of
lemental analyses, molar conductivities, mass spectra, 1H NMR, thermogravimetry/differential thermal analysis (TG-DTA), UV–vis spectra,
uorescence spectra and IR spectra. The general formula of the complexes is [LnL·(NO3)2]·NO3 [Ln = Sm (1), Eu (2), La (3)]. Complexes 1, 2
nd 3, and ligand L were subjected to biological tests in vitro using HepG2 cancer cell lines. Ligand showed significant cytotoxic activity against

epG2cancer cell lines. Spectrometric titration, ethidium bromide displacement experiments and viscosity measurements indicate that Sm(III) and
u(III) complexes strongly bind with calf thymus DNA, presumably via an intercalation mechanism. The intrinsic binding constants of complexes
and 2, and ligand with DNA were 9.28 × 106, 8.40 × 106 and 4.88 × 106 M−1 through fluorescence titration data, respectively.
2007 Published by Elsevier B.V.

eywords: Ethylenediiminobi(6-hydroxychromone-3-carbaldehyde) Schiff-base; Rare earth complexes; DNA binding
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. Introduction

The study on the interaction of small molecules, such as
etal, drugs, organic dyes with DNA is one of interest because
t is important in the design of new and more efficient drugs tar-
eted to DNA [1,2]. A variety of small molecules are bound by
lectrostatic interaction with the exterior sugar–phosphate back-

Abbreviations: CT-DNA, calf thymus DNA; L, ethylenediiminobi(6-
ydroxychromone-3-carbaldehyde) Schiff-base; Tris, Tris(hydroxymethyl)-
minomethane; NMR, nuclear magnetic resonance; EB, ethidium bromide;
DC, 6-hydroxy-3-carboxaldehydes chromone; UV-vis, ultraviolet and visble;
G-DTA, thermogravimetry/differential thermal analysis; DMF, N,N-dimethyl

ormamide; SDS, CH3(CH2)11OSO3Na; SOD, superoxide dismutaes; MTT,
-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide
∗ Corresponding author. Fax: +86 931 8912582.

E-mail address: yangzy@lzu.edu.cn (Z.-Y. Yang).
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one or by hydrophobic interaction along the minor groove of
NA or by intercalative interaction between the stacked bases
airs of native DNA from the major groove [2,3]. Among the
hree modes, the most effective mode of the drugs targeted to
NA is intercalating binding [4]. Thus, the research of interac-

ion of intercalating agent with DNA is vital. However, during
he past decade, the interaction of polypyridyl compounds and
heir complexes with DNA has attracted much attention [5–9].

Many clinically successful anticancer drugs were themselves
ither naturally occurring molecules or have been developed
rom their synthetic analogs. Great interest is currently being
aid to natural products for their interesting anticancer activities.
lavonoids are a broadly distributed class of naturally occur-

ing pigments present in vascular plants, and are responsible for
ost of the colors in nature. These natural products are poten-

ially antibacterial, anticancer, antioxidant, anti-inflammatory,
nd antiallergenic agents since they stimulate or inhibit a

mailto:yangzy@lzu.edu.cn
dx.doi.org/10.1016/j.jphotochem.2007.07.024
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Fig. 1. Preparatio

ide variety of enzyme systems as pharmacological agents
10–15].

Biological activity and also number of other applications
esulted in strongly increasing interest for lanthanides in the
ast decade [16–20]. One of the most studied applications is
sage of the lanthanide/small molecule complexes to address
NA/RNA by non-covalent binding and/or cleavage [21–24]. In
ur research, we have found that the rare earth complexes of fla-
ane benzoyl hydrazone have certain antioxidant and cytotoxic
ctivity, and can bind to CT-DNA by intercalation [24–26].

As a part of our continuing research DNA binding model
f the flavone benzoyl hydrazone and its complexes, in this
aper, we synthesized a new ligand, ethylenediiminobi(6-
ydroxychromone-3-carbaldehyde) Schiff-base (Fig. 1), and its
are earth complexes. We described a comparative study of the
nteractions of Sm(III) and Eu(III) complexes, and ligand with
T-DNA using UV–vis, fluorescence and viscosity measure-
ents for the first time. Information obtained from this study will

e helpful to the understanding of the mechanism of interactions
f chromone hydrazones and their complexes with nucleic acids,
nd should be useful in the development of potential probes of
NA structure and conformation and new therapeutic regents

or some diseases.

. Experimental

.1. Chemicals

Acetic anhydride, hydroquinone were produced in China.
he rare earth (III) nitrates were derived from their oxide

99.9%) acquired from Nong Hua (PRC).

.2. DNA sample

Calf thymus DNA (CT-DNA) was obtained from Sigma
hemicals Co. (USA) and used as received. A stock solution of
T-DNA was prepared and stored in 5 mM Tris–HCl buffer at
H 7.1. The concentration of CT-DNA solutions was determined
pectrophotometrically using the reported molar absorptivity

f ε259 nm = 1.31 × 104 M−1 cm−1 [27] and the results were
xpressed in terms of base-pair equivalents per cubic decime-
er. A solution of CT-DNA (ca. 10−5 M in base pair, bp) in
ris–HCl buffer gave a ratio of UV absorbance at 260 and

T
t
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d

te of the ligand.

80 nm, A260/A280 ≥ 1.9 [28], indicating that the CT-DNA was
ufficiently free from protein.

.3. Instrumentation

Carbon, hydrogen, and nitrogen were analyzed on an Ele-
ental Vario EL analyzer. The metal contents of the complex
ere determined by titration with EDTA. Infrared spectra

4000–400 cm−1) were determined with KBr disks on a Therrno
attson FTIR spectrometer. The UV–vis spectra were recorded

n a Varian Cary 100 Conc spectrophotometer. 1H NMR spectra
ere measured on a Varian VR 300-MHz spectrometer, using
MS as a reference in DMSO-d6. Mass spectra were performed
n a VG ZAB-HS (FAB) instrument and electrospray mass spec-
ra (ESI-MS) were recorded on a LQC system (Finngan MAT,
SA) using CH3OH as mobile phase. The fluorescence spectra
ere recorded on a Hitachi RF-4500 spectrofluorophotometer.

.4. Preparation of ligand (L)

CDC was prepared according to the literature methods
29]. An ethanol solution containing ethylenediamine (0.06 g,
0 mmol) was added dropwise to another ethanol solution con-
aining CDC (1.90 g, 10 mmol). The mixture was stirred for 2 h
t room temperature and a yellow precipitate was formed. The
recipitate was collected by filtration and washed with ethanol.
ecrystallization from 1:1 (v/v) DMF/H2O gave the ligand (L),
hich was dried in a vacuum. Yield: 90%. FAB-MS: m/z = 405

M + H]+. Anal. Calcd. (%) for C22H16N2O6: C, 65.50; H, 1.48;
, 5.95. Found: C, 65.12; H, 1.32; N, 5.74. 1H NMR (DMSO-d6
00 MHz): δ 10.04 (2H, s, OH), 9.15 (2H, s, CH N), 7.20–6.77
8H, m, PhH, 2, 5, 7, 8-H), 3.47 (4H, s, –CH2CH2–). IR for lig-
nd (cm−1): νC O: 1649, νC N: 1557, νC O C: 1295, νOH: 3421.
max (nm): 200, 223, 258, 325.

.5. Preparation of complexes

The ligand (1.0 mmol, 0.403 g) and the Sm(III) nitrate
1.0 mmol, 0.4482 g) were added together in ethanol (10 mL).

he mixtures were stirred at 60 ◦C for 24 h. A white precipitated,

he Sm(III) complex, was separated from the solution by suction
ltration, purified by washing several times with ethanol, and
ried for 24 h in a vacuum. Eu(III) and La(III) complexes were
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repared by the same way. Anal. Calcd. (%) for Sm(III) complex
22H16N5O15 Sm (%): C, 35.46 (35.65); H, 2.36 (2.16); N, 9.78

9.45); Sm, 20.12 (20.13). Λm (S cm2 mol−1): 101. IR (cm−1):
C O: 1643, νC N: 1525, νC O C: 1281, νOH: 3384, νNO3 : 1487,
395, 1325, 1068, 838. Umax (nm): 204, 251, 321. Thermal anal-
ses: TDecomp. (◦C): 342, 545. Residue Calcd. (%) 23.19 (23.55).
SI-MS [CH3OH, m/z]: 739.0 {[SmL·(NO3)2]·NO3–H}−,
78.8 {SmL·(NO3)2}·NO3–NO3

−}+, 617 {SmL·(NO3)2}
NO3–2NO3

−–H}+ and 308 {SmL·(NO3)2}·NO3–2NO3
−}2+.

nal. Calcd. (%) for Eu(III) complex C22H16N5O15 Eu
%): C, 35.67 (35.58); H, 2.31 (2.16); N, 9.89 (9.43); Eu,
0.14 (20.48). Λm (S cm2 mol−1): 103. IR (cm−1): νC O:
644, νC N: 1525, νC O C: 1282, νOH: 3383, νM O: 578,
NO3: 1483, 1395, 1325, 1065, 838. Umax (nm): 203, 251,
18. Thermal analyses: TDecomp. (◦C): 342, 545. Residue
alcd. (%) 23.19 (23.55). ESI-MS [CH3OH, m/z]: 739.6
[EuL·(NO3)2]·NO3–H}−, 678 {EuL·(NO3)2}·NO3–NO3

−}+,
19 {EuL·(NO3)2}·NO3–2NO3

−–H}+ and 308 {EuL·(NO3)
}·NO3–2NO3

−}2+. Anal. Calcd. (%) for La(III) complex
22H16N5O15 La (%): C, 36.57 (36.41); H, 2.49 (2.19);
, 9.06 (9.60); La, 20.14 (20.48). Λm (S cm2 mol−1): 102.

R (cm−1): νC O: 1644, νC N: 1525, νC O C: 1284, νOH:
383, νM O: 578, νNO3 : 1483, 1395, 1325, 1065, 838. Umax
nm): 203, 251, 318. Thermal analyses: TDecomp. (◦C): 342,
45. Residue Calcd. (%) 20.19 (19.06). 1H NMR (DMSO-
6 300 MHz): δ 10.11 (2H, s, OH), 8.64 (2H, s, CH N),
.468 (2H, s, 2-H) 7.46–6.70 (6H, m, PhH, 5, 7, 8-H),
.76 (4H, s, –CH2CH2–). ESI-MS [CH3OH, m/z]: 727.6
[LaL·(NO3)2]·NO3–H}−, 666 {LaL·(NO3)2}·NO3–NO3

−}+,
13 {LaL·(NO3)2}·NO3–2NO3

−–H}+ and 307 {LaL·(NO3)
}·NO3–2NO3

−}2+.

.6. An absorption titration

Absorption titration experiment was performed with fixed
oncentrations of the drugs (10 �M) while gradually increasing
oncentration of DNA. While measuring the absorption spectra,
n equal amount of DNA was added to both compound solution
nd the reference solution to eliminate the absorbance of DNA
tself.

.7. Fluorescence spectra

To compare quantitatively the affinity of the compound bound
o DNA, the intrinsic binding constants Kb of the two com-
ounds to DNA were obtained by the luminescence titration
ethod. Fixed amounts of compound were titrated with increas-

ng amounts of DNA, over a range of DNA concentrations from
to 20.0 �M. An excitation wavelength of 320 nm was used, and

otal fluorescence emission intensity was monitored at 449 nm
or complexes and ligand. The concentration of the bound com-
ound was calculated using Eq. (1) [30]:[ 0 ]

b = Ct

(F − F )

(Fmax − F0)

here Ct is the total compound concentration; F the observed
uorescence emission intensity at given DNA concentration; F0

w
i
f
d
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he intensity in the absence of DNA, and Fmax is the fluorescence
f the totally bound compound. Binding data were cast into the
orm of a Scathchard plot [31] of r/Cf versus r, where r is the
inding ratio, Cb/[DNA]t and Cf is the free ligand concentration.
ll experiments were conducted at 20 ◦C in a buffer containing
mM Tris–HCl (pH 7.1) and 50 mM NaCl concentrations.

Further support for complexes 1 and 2, and ligand binding
o DNA by intercalation mode is given through the emission
uenching experiment. EB is a common fluorescent probe for
NA structure and has been employed in examinations of the
ode and process of metal complex binding to DNA [32]. A

-mL solution of 10 �M DNA and 0.33 �M EB (at saturating
inding levels [33]) was titrated by 5–30 �M complexes 1 and
, and ligand (λex = 500 nm, λem = 520.0–650.0 nm).

According to the classical Stern–Volmer equation [34]:

F0

F
= Kq[Q] + 1

here F0 is the emission intensity in the absence of quencher,
the emission intensity in the presence of quencher, Kq the

uenching constant, and [Q] is the quencher concentration. The
hape of Stern–Volmer plots can be used to characterize the
uenching as being predominantly dynamic or static. Plots of
0/F versus [Q] appear to be linear and Kq depends on temper-
ture.

.8. Viscosity measurements

Viscosity experiments were conducted on an Ubbdlodhe vis-
ometer, immersed in a thermostated water-bath maintained to
5.0 ◦C. Titrations were performed for the complexes 1 and 2
1–5 �M), and each compound was introduced into DNA solu-
ion (5 �M) present in the viscometer. Data were presented as
ή/ή0)1/3 versus the ratio of the concentration of the compound
nd DNA, where ή is the viscosity of DNA in the presence of
ompound and ή0 is the viscosity of DNA alone. Viscosity values
ere calculated from the observed flow time of DNA contain-

ng solution corrected from the flow time of buffer alone (t0),
´ = t − t0 [35,36].

.9. Cytotoxicity assay

Tumor cell lines used in this work were grown in a RPMI-
640 medium supplement with 10% (v/v) calf serum, 2 mmol−1

lutamine, 100 U mL−1 penicillin (U = 1 unit of activity), and
00 �g mL−1 streptomycin (GIBCO, Grand Island, NY) at
10 K under 5% CO2. Cells in 100 �L culture mediums were
eeded into 96-well plates (Falcon, CA).

For HepG2 cells, the growth inhibition was analyzed by
he SRB (sulforthodamine B) assay [37]. Simply, following
he treatment of the cells with the compound to be tested for
2 h, the cell cultures were then fixed with 10% trichloroacetic
cid and incubated for 60 min at 277 K. The plates were then

ashed and dried, following which a SRB solution (0.4%, w/v,

n 1% acetic acid) was added and the culture was incubated
or an additional 15 min. After the plates were washed and
ried, the bound stain was solublized with Tris buffer, and
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Table 1
Fluorescence data of the Eu(III) complex at room temperature

State Slit (nm) λex (nm) λem (nm) aRFI Assignment

Complexes 2

Solid
1 344 579.4 83.63 5D0 → 7F0

590.8 227.9 5D0 → 7F1

616.2 469.8 5D0 → 7F2

Acetone 591.2 162.3 D0 → 7F1

615.6 305.5 5D0 → 7F2

Acetonitrilet 5.0 379 615 125.6 5D0 → 7F2

CHCl3 614.2 101.9 5D0 → 7F2

DMF 614 71.65 5D0 → 7F2
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he optical densities were read by the plate reader at 515 nm.
he growth inhibitory rate of treated cells was calculated by

(ODcontrol − ODtest)/ODcontrol) × 100%.

. Results and discussion

The complexes were prepared by direct reaction of ligand
ith the appropriate mole ratios of Sm(III), Eu(III) and
a(III) nitrate in ethanol. The yields were good to moderate.
he desired complexes were separated from the solution
y suction filtration, purified by washing several times with
thanol. The complexes are air stable for extended periods
nd soluble in methanol, DMSO, and DMF; slightly solu-
le in ethanol and water; insoluble in benzene and diethyl
ther. The complexes have been unambiguously character-
zed through mass spectral analysis. The mass spectrum of
omplex 1 shows peaks at m/z of 740, 678 and 619 which
an be assigned to the ion pair {[SmL·(NO3)2]·NO3–H}−,
SmL·(NO3)2}·NO3–NO3

−}+ and {SmL·(NO3)2}·NO3–2N-
3
−–H}+, respectively. Similarly, the mass spectrum of

omplex 2 also shows peak at m/z of 741, 678, 619 and
08 which can be assigned to the ion pair {[EuL·(NO3)2]
NO3–H}−, {EuL·(NO3)2} ·NO3–NO3

−}+, {EuL·(NO3)
}·NO3–2NO3

−–H}+ and {EuL·(NO3)2}·NO3–2NO3
−}2+

he molar conductivities of the complexes are around
01–103 S cm2 mol−1 in DMF, showing that complexes are 1:1
lectrolytes [38]. In the 1H NMR, the –OH group and 2-H of the
omplex shifts downfield compared to that of the free ligand.
hese changes in the chemical shifts are due to the coordination
f the oxygen of carbonyl of the ligand. The elemental analyses,
ass spectrum and molar conductivities show that formulas of

he complexes conform to [LnL·(NO3)2]·NO3.

.1. IR spectra

The ν(C O) vibration of the free ligand is at 1649; for the
omplexes these peaks shift to 1643 cm−1 or so. The Ln(III)
omplex spectra showed a new band, compared to the spectrum
f the free ligand, at 578 cm−1. It was assigned to metal-
xygen stretching vibrations, in agreement with literature data
23,29,39]. For the ligand, the ν(OH) appears at 3421 cm−1;
his band for the complexes shifts to 3384 cm−1 or so. The band
t 1295 cm−1 for the free ligand is assigned to the ν(C O C)
tretch, which shifts to 1282 cm−1 for its complexes. The –OH
roup and 2-H of the complex shifts downfield compared to that
f the free ligand. All of these observations demonstrate that
he oxygen of carbonyl has formed a coordinative bond with
he rare earth ions. The band at 1557 cm−1 for the free ligand
s assigned to the ν(C N) stretch, which shifts to 1525 cm−1

or its complexes. Weak bands at 436 cm−1 are assigned to
(M N). These shifts and the new band further confirm that
he nitrogen of the imino-group bonds to the rare earth ions
24,29]. The absorption bands of the coordinated nitrates were

bserved at about 1487 (νas) and 838 (νs) cm−1. The ν3(E′)
ree nitrates appear at 1395 cm−1 in the spectra of the com-
lexes. In addition, the separation of the two highest frequency
ands |ν4–ν1| is approximately 158 cm−1, and accordingly the

t
D
s
c

DMSO 614 67.64 5D0 → 7F2

a RFI is relative fluorescence intensity.

oordinated NO3
− ion in the complex is a bidentate ligand

24,29].

.2. UV spectra

The study of the electronic spectra in the ultraviolet and visi-
le ranges for the complexes 1 and 2, and the ligand were carried
ut in a buffer solution. The electronic spectra of ligand had a
trong band at λmax = 200 nm, two medium band at λmax = 223
nd 258 nm and a weak band at λmax = 325 nm. In the complexes,
he band at 223 disappeared, and the other three at 200, 223 and
25 nm are shifted to 204, 251 and 318 nm or so. These indicate
hat complexes are formed.

.3. Thermal analyses

The complexes begin to decompose at 342 ◦C or so and
here are three exothermic peaks appear around 342–547 ◦C. The
orresponding TG curves show a series of weight loss. Under
00 ◦C, there are no endothermic peak and no weight loss on
orresponding TG curves. It indicates that there are no crystal
r coordinate solvent molecules. While being hated to 800 ◦C,
he complexes become their corresponding oxides. The residues
re in accordance with calculation.

.4. Fluorescence studies

The fluorescence characteristics of the europium complex in
olid state and in CHCl3, acetone, acetonitrilet, DMF and DMSO
olutions (concentration: 1.0 × 10−4 M) are listed in Table 1. It
an be seen that the Eu(III) complex shows strong emission when
xcited with 425 nm radiation in the solid state (Fig. 2). Flu-
rescence arises from ligand-to-cation energy transfer, mainly
rom the lowest resonance level. The most intensity ratio value η
5D0 → 7F2/5D0 → 7F1) is 2.06, indicating a low symmetry for
he electrostatic field surrounding Eu(III) [40]. It could be seen
rom Fig. 3 that in acetone solution the Eu(III) complex has

he strongest luminescence, and then in acetonitrilet, CHCl3,
MF and DMSO. This is due to the coordinating effects of

olvents, namely, solvate effect [40]. Together with the raising
oordination abilities of acetone, acetonitrilet, DMF and DMSO



B.-d. Wang et al. / Journal of Photochemistry and Photobiology A: Chemistry 194 (2008) 49–58 53

F
a

f
m
t
e

3

o
t
c
i
D

e
i
i
i
m
h
i
o
b
w
m

F
t

Fig. 4. (a) Electronic spectra of ligand (10 �M) in the presence of increasing
amounts of CT-DNA. [DNA] = 0–10 �M. Arrow shows the absorbance changes
ig. 2. Emission spectrum of the Eu(III) complex in solid state at room temper-
ture.

or the lanthanide ions, the oscillatory motions of the entering
olecules consume more energy which the ligand triplet level

ransfer to the emitting level of the lanthanide ion. Thus, the
nergy transfer could not be carried out perfectly.

.5. Electronic absorption titration

Before reacting complexes 1 and 2 with DNA, the interactions
f free Sm and Eu cations with DNA was checked by UV/vis
itration of DNA. It should be stressed that under experimental
onditions (pH 7.1, c(Ln3+) = 1 × 10−5 M), Sm(III) and Eu(III)
on itself does not show any measurable interactions with studied
NA.
Electronic absorption spectroscopy is one of the most pow-

rful experimental techniques for probing metal ion–DNA
nteractions. Binding of the macromolecule leads to changes
n the electronic spectrum of the metal complex. Base bind-
ng is expected to perturb the ligand field transition of the

etal complex. Intercalative mode of binding usually results in
ypochromism and bathochromism due to the strong stacking
nteraction between an aromatic chromophore and the base pairs

f DNA. The extent of hypochromism parallels the intercalative
inding strength [41,42]. On the other hand, metal complexes,
hich bind non-intercalatively or electrostatically with DNA
ay result in hyperchromism or hypochromism.

ig. 3. Emission spectra of the Eu(III) complex in different solutions at room
emperature.

upon increasing DNA concentration. (b) Electronic spectra of Sm(III) complex
(10 �M) in the presence of increasing amounts of CT-DNA. [DNA] = 0–55 �M.
Arrow shows the absorbance changes upon increasing DNA concentration. (c)
Electronic spectra of Eu(III) complex (10 �M) in the presence of increasing
a
u
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D
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mounts of CT-DNA. [DNA] = 0–55 �M. Arrow shows the absorbance changes
pon increasing DNA concentration.

The absorption spectra of Sm(III) and Eu(III) complexes,
nd ligand (L) in the absence or presence of CT-DNA are given
n Fig. 4. For the Sm(III) complex, the intensity of the intrali-
and band at 204 nm decreases with increasing concentration of
NA. Addition of DNA also leads to changes in the position of

bsorption bands. The 204 nm band is red shifted by 17 nm in
he presence of DNA. In the case of complex 2 also, the intensity
f the intraligand band at 203 nm markedly decreases and the
03 nm band is red shifted by 17 nm in the presence of DNA. Free
igand at 200 nm exhibits hypochromism, and bathochromism

f about 7 nm. For two complexes, the band at 250 nm is hyp-
ochromic shift, and the intensity of the band at 320 nm has
o obvious decrease and maxima shift. These results suggest
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Fig. 5. (i) Free ligand (L); (ii) complex 1 and (iii) complex 2. The visible absorp-
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complexes is in good agreement with the linear Stern-Volmer
ion spectra of (a) 1 × 10−5 M EB; (b) a + 1 × 10−4 M DNA; (c) b + 1 × 10−5 M
f compound in Tris–HCl buffer (5 mM Tris–HCl, 50 mM NaCl, pH 7.1) solu-
ion.

n intimate association of the compounds with CT-DNA. How-
ver, we cannot confirm that two complexes bind to DNA via
ntercalation.

In order to test if the compounds bind to DNA via interca-
ation, ethidium bromide (EB) was employed, as EB interacts
ith DNA as a typical indicator of intercalation [43]. Fig. 5a

hows that the maximal absorption of EB at 479 nm decreased
nd shifted to 515 nm in the presence of DNA, Fig. 7b, which is
haracteristic of intercalation. Fig. 5c(i–iii) is the absorption of
mixture solution of EB, the compounds and DNA.

It was found that the absorption at 515 nm increased;

ig. 5c(i–iii) compared with Fig. 5b(i–iii) for all the compounds

ested (i) L, (ii) 1, (iii) 2. This could result from two reasons: (1)
B bound to the compounds strongly, resulting in a decreased
mount of EB intercalated into DNA; (2) there exists compet-

e
o
1
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tive intercalation between the compounds and EB with DNA,
hus, releasing some free EB from the DNA–EB system. The for-

er reason can be precluded since there were no new absorption
eaks.

.6. Fluorescence spectra studies

The fluorescence Scatchard plot has been confirmed to be
ffective for characterizing the binding mode of the metal com-
lexes to DNA [44–46]. The enhancements in the emission
ntensity of the complexes 1 and 2, and ligand with increasing
T-DNA concentrations are shown in Fig. 6. In the absence of
NA, 1 and 2, and ligand emit weak luminescence in Tris buffer

t ambient temperature, with a maximum appearing at 449 nm.
hen DNA is present the intensity of the emission for complexes
and 2, and ligand all increase with respect to DNA concen-

ration. This phenomenon is related to the extent to which the
ompounds penetrate into the hydrophobic environment inside
he DNA, thereby avoiding the quenching effect of solvent water

olecules. The binding of complexes 1 and 2, and ligand to
T-DNA leads to a marked increase in the emission intensity,
hich also agrees with those observed for other intercalators

24,26,30]. According to the Scathchard equation, a plot of
/Cf versus r gave the binding constants 9.28 × 106, 8.40 × 106

nd 4.88 × 106 M−1 from the fluorescence data for complexes
and 2, and ligand, respectively. This value is similar to the

ne reported for some flavane benzoyl hydrazones like Eu(III)
Kb = 3.55 × 106 M−1) and La(III) (Kb = 1.83 × 107 M−1) com-
lexes [24,26].

The DNA-binding modes of three compounds were further
onitored by a fluorescent EB displacement assay. It is well

nown that EB can intercalate nonspecifically into DNA which
auses it to fluoresce strongly. Competitive binding of other
rugs to DNA and EB will result in displacement of bound EB
nd a decrease in the fluorescence intensity. This fluorescence-
ased competition technique can provide indirect evidence for
he DNA-binding mode. Fig. 7 shows the emission spectra of
NA–EB system with increasing amounts of the complexes 1

nd 2, and ligand. The emission intensity of the DNA–EB sys-
em (λem = 582 nm) decreased apparently as the concentration
f the complexes 1 and 2, and ligand increased, and an iso-
athic point appeared at 536 nm or so for complexes 1 and 2.
he quenching plots illustrate that the quenching of EB bound

o DNA by the compounds is in good agreement with the lin-
ar Stern–Volmer equation. The emission band at 584 nm of
he DNA–EB system decreased in intensity with an increase
n the concentration of the two compounds, which indicated
hat the compounds could displace EB from the DNA–EB sys-
em. The resulting decrease in fluorescence was caused by EB
hanging from a hydrophobic environment to an aqueous envi-
onment [47]. Such a characteristic change is often observed
n intercalative DNA interactions [23,24,26,48]. The quenching
lots illustrate that the quenching of EB bound to DNA by the
quation. In the plots of F0/F versus [Q], Kq is given by the ratio
f the slope to the intercept. The Kq values for the complexes
and 2, and ligand are 1.20 × 105, 1.64 × 104 and 2.26 × 103,
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Fig. 6. (a) The emission enhancement spectra of ligand (10 �M) in the presence of 0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and 4.0 �M CT-DNA. Arrow shows
the emission intensities changes upon increasing DNA concentration. Inset (b): Scatchard plot of the fluorescence titration data of ligand, K = 4.88 × 106 M−1. (c)
The emission enhancement spectra of Sm(III) complex (10 �M) in the presence of 0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and 4.0 �M CT-DNA. Arrow shows
the emission intensities changes upon increasing DNA concentration. Inset (d): Scatchard plot of the fluorescence titration data of ligand, K = 9.28 × 106 M−1. (e)
T of 0,
e ot of

r
f

w
s
t
t
t
b
8
v

he emission enhancement spectra of Eu(III) complex (10 �M) in the presence
mission intensities upon increasing DNA concentration. Inset (f): Scatchard pl

espectively. The binding constants were also calculated using
ollowing Eq. (1) [49]:

CEth = 2(F0 − F )
Et

F0

rEth = Et − CEth

CDNA

rM = n − rEth − rEth
KEthCEth

CM = Mt − rMCDNA

KM = [(n − rEth)KEth(CEth/rEth) − 1]

CM

b
c
d
a

0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and 4.0 �M CT-DNA. Arrow shows the
the fluorescence titration data of Eu(III) complex, K = 8.40 × 106 M−1.

here F is observed fluorescence emission intensity of DNA–EB
ystem; F the intensity in the absence of compound; Et
he total EB concentration; CEth the free EB concentra-
ion; CM the bound compound concentration, and Mt is
he total compound concentration. From above equation, the
inding constants of complexes 1 and 2, and ligand are
.98 × 106, 8.12 × 106 and 4.58 × 106 M−1, respectively. These
alues are almost equal to the binding constants determined

y the fluorescence titration experiments, so we can con-
lude that the quenching of DNA–EB system is due to the
isplacement of EB upon binding of the complexes or lig-
nd.
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Fig. 7. (a) The emission spectra of DNA–EB system (10 and 0.32 �M EB), λex = 500 nm, λem = 520.0–650.0 nm, in the presence of 0, 5, 10, 15, 20, 25 �M
ligand. Arrow shows the emission intensities changes upon increasing ligand concentration. Inset (b): Stern–Volmer plot of the fluorescence titration data of ligand,
Kq = 2.26 × 103 M−1. (c) The emission spectra of DNA–EB system (10 and 0.32 �M EB), λex = 500 nm, λem = 520.0–650.0 nm, in the presence of 0, 5, 10, 15, 20,
25 �M Sm(III) complex. Arrow shows the emission intensities changes upon increasing Sm(III) complex concentration. Inset (d): Stern–Volmer plot of the fluorescence
t ra of
i issio
S 64 × 1
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demonstrates that the complexes and EB bind to DNA through
the same way, i.e., the classical intercalation mode, which also
parallels the pronounced hypochromism and spectral red shift
of the complex in the absorption spectrum experiment.
itration data of Sm(III) complex, Kq = 1.20 × 105 M−1. (e) The emission spect
n the presence of 0, 5, 10, 15, 20, 25 �M Eu(III) complex. Arrow shows the em
tern–Volmer plot of the fluorescence titration data of Eu(III) complex, Kq = 1.

.7. Viscosity measurements

Optical photophysical probes provide necessary, but not
ufficient evidence to support the mode of binding of metal com-
lexes with DNA. The viscosity of a DNA solution is sensitive to
he addition of metal complexes which can bind to DNA. While
ntercalation leads to increase in viscosity because the DNA base
airs are pushed apart to accommodate the bound ligand, a par-
ial, non-classical mode of binding could bend or kink the DNA
elix, reduces its effective length and thereby its viscosity. To
urther confirm the interaction mode of the Ln(III) complexes
ith DNA, a comparative viscosity study between the EB and

he two complexes were carried out (Fig. 8). The effects of the

ompounds together with EB on the viscosity of DNA are shown
n Fig. 8. It is found that the viscosity of DNA increases steadily
ith the increase of the concentration of the compounds, which

s similar to that of a classical intercalator EB [50]. This result
F
v

DNA–EB system (10 and 0.32 �M EB), λex = 500 nm, λem = 520.0–650.0 nm,
n intensities changes upon increasing Eu(III) complex concentration. Inset (f):
04 M−1.
ig. 8. Effect of increasing amounts of complexes 1 and 2, and EB on the relative
iscosity of calf thymus DNA at 25.0 ◦C.
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Table 2
Inhibition effect against HepG2 cell lines

Compounds Average inhibition effect (%)

C1
a C2

a C3
a

Ligand 58.26 ± 1.80 67.63 ± 2.68 93.25 ± 0.48
Complex 3 20.45 ± 1.25 21.35 ± 1.56 54.54 ± 1.09
Complex 1 39.26 ± 1.24 46.42 ± 0.86 61.84 ± 2.42
Complex 2 43.66 ± 0.86 54.95 ± 1.24 65.98 ± 3.2

Date are expressed as mean ± S.D. (n = 3).
a Ci was concentration: Ci(i = 1–3) = 0.0625, 1.25, 2.5 �M.
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Fig. 9. Cytotoxic activity of compounds against HepG2.

.7.1. In vitro cytotoxicity
The cytotoxicity assays of complexes and ligand L against

epG2 cancer cell lines were listed in Table 2. As shown in
able 2, the average inhibitory ratio against HepG2 cancer cell

ines increases with the increase of the concentration in the
ange of the tested concentration (see Fig. 9). The Eu(III) com-
lex is the most effective in the three complexes against HepG2
ancer cell lines, whereas, the La(III) complex has the poorest
nhibitory. It is clear that nature of the rare earth ions affect the
bility that the complex inhibits the cancer cell lines. The ligand
as a higher inhibitory effect than the complexes do. The cyto-
oxic activities are not in accord with the experimental results.
t will be further studied.

. Conclusion

Taken together, a new ligand, ethylenediiminobi(6-hydrox-
chromone-3-carbaldehyde) Schiff-base (L), and its Ln(III)
omplexes have been prepared and characterized. The DNA-
inding properties of complexes 1 and 2 were investigated
y absorption, fluorescence and viscosity measurements. The
esults support the fact that the compounds bind to CT-DNA via
ntercalation. All compounds showed certain cytotoxic activity
gainst HepG2 cancer cell lines. These findings clearly indicate
hat lanthanide-based complexes have many potential practical
pplications, like the development of nucleic acid molecular
robes and new therapeutic reagents for diseases.
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