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Abstract—A new ligand, 6-hydroxy chromone-3-carbaldehyde-(2 0-hydroxy) benzoyl hydrazone (L), was prepared by condensation
of 6-hydroxy-3-carbaldehyde chromone (CDC) with 2-hydroxy benzoyl hydrazine. Its four rare earth complexes have been synthe-
sized and characterized on the basis of elemental analyses, molar conductivities, mass spectra, 1H NMR, thermogravimetry/differ-
ential thermal analysis (TG–DTA), UV–vis spectra, fluorescence spectra, and IR spectra. The general formula of the complexes is
[LnL2Æ(NO3)2]ÆNO3 [Ln = La(1), Sm(2), Dy(3), Eu(4)]. Spectrometric titration, ethidium bromide displacement experiments, and vis-
cosity measurements indicate that Eu(III) complex and ligand, especially the Eu(III) complex, strongly bind with calf-thymus DNA,
presumably via an intercalation mechanism. The intrinsic binding constants of Eu(III) complex and ligand with DNA were
3.55 · 106 and 1.33 · 106 M�1 through fluorescence titration data, respectively. In addition, the suppression ratio for O2

�� and
OH� of the ligand and its complexes was studied by spectrophotometric methods. The experimental results show that La (1), Sm
(2), and Eu (4) complexes are better effective inhibitor for OH� than that of mannitol. It indicates that the complexes have the activity
to suppress O2

�� and OH� and exhibit more effective antioxidants than ligand alone.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The malignant tumor has long been one of the serious
diseases threatening human health. To discover and
develop novel therapeutic agents for the treatment of
malignancy has a vital importance. One of the successful
and effective approaches in the search for new antitumor
agents from natural products is to synthesize novel com-
pounds by simple chemical modification on the basis of
natural leading compounds.
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Chromones are a group of naturally occurring com-
pounds that are ubiquitous in nature especially in
plants.1 They are oxygen-containing heterocyclic com-
pounds with a benzo-annelated c-pyrone ring, with the
parent compound being chromone (4H-chromen-4-
one, 4H-1-benzopyran-4-one).2 Molecules containing
the chromone structure (for example, chromones and
flavonoids) have a wide range of biological activities
including tyrosine and protein kinase C inhibitors, anti-
fungal, antiallergenic, antiviral, antitublin, antihyperten-
sive, and anticancer agents, as well being active at
benzoazepine receptors, lipoxygenase, cyclooxygenase
and modulating P-glycoprotein-mediated (MDR).2–5

Due to their abundance in plants and their low mamma-
lian toxicity, chromone derivatives are present in large
amounts in the diet of human.

The interactions of metal complexes with DNA have
been the subject of interest for the development of anti-
cancer drugs and effective chemotherapeutic agents for
numerous diseases. Of these studies, the interaction
of fluorescent transition metal complexes containing
multidentate aromatic ligands, with DNA has gained
much attention.6
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Fluorescent transition metal centers are particularly
attractive moieties for such research for not only do they
exhibit well-defined coordination geometries but they
also often possess distinctive electrochemical or photo-
physical properties, thus enhancing the functionality of
the binding agent.7 Complexes have found a plethora
of applications ranging from foot-printing agents to
probes of electron transfer processes within DNA.
Further, the application of these molecules necessitates
isolation of structurally analogous complexes with dif-
ferent shapes and electronic properties, investigation of
their DNA-binding properties, and then the precise
understanding of the structural details of their mode
of interaction with the target molecule, namely, double
helical DNA.

In order to develop new antitumor drugs, which specif-
ically target DNA, it is necessary to understand the
different binding modes a complex is capable of under-
taking. Basically, metal complexes interact with the dou-
ble helical DNA in either a non-covalent or a covalent
way. The former way includes three binding modes:
intercalation, groove binding, and external static elec-
tronic effects. Among these interactions, intercalation
is one of the most important DNA-binding modes as
it invariably leads to cellular degradation. It was report-
ed that the intercalating ability increases with the pla-
narity of ligands.8,9 (Additionally, the coordination
geometry and ligand donor atom type also play key
roles in determining the binding extent of complexes
to DNA.)10,11 The metal ion type and its valence, which
are responsible for the geometry of complexes, also
affect the intercalating ability of metal complexes to
DNA.12,13

Our previous work showed that the rare earth complexes
of 4 0,5,7-trihydroxy-flavanone benzoyl hydrazone have
certain antioxidant and cytotoxic activity, and can bind
to CT-DNA by intercalation.14,15 In order to continue
researching antioxidative activities and DNA-binding
model of the flavone benzoyl hydrazone and its complex-
es, in this paper, we synthesized a new ligand, 6-hydroxy
chromone-3-carbaldehyde-(2 0-hydroxy) benzoyl hydra-
zone (Fig. 1), and its rare earth complexes. We described
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Figure 1. Scheme of the synthesis of the ligand.
a comparative study of the interactions of Eu(III) com-
plex and ligand with CT-DNA using UV–vis, fluores-
cence, and viscosity measurements for the first time.
The antioxidant activity of the ligand and its rare earth
complexes was also investigated. Information obtained
from this study will be helpful to the understanding of
the mechanism of interactions of chromone hydrazones
and their complexes with nucleic acids, and should be
useful in the development of potential probes of DNA
structure and conformation, and new therapeutic re-
geants for some diseases.
2. Results

The complexes were prepared by direct reaction of
ligand with the appropriate mole ratios of Ln(III)
nitrate in ethanol. The yields were good to moderate.
The desired Ln(III) complexes were separated from the
solution by suction filtration, purified by washing sever-
al times with ethanol. The complexes are air-stable for
extended periods and soluble in methanol, DMSO,
and DMF; slightly soluble in ethanol; insoluble in ben-
zene, water, and diethyl ether. The molar conductivities
of the complexes are around 102–104 S cm2 mol�1 in
DMF, showing that all complexes are 1:1 electrolytes.16

The elemental analyses and molar conductivities
show that formulas of the complexes conform to
[Ln L2Æ(NO3)2]ÆNO3 [Ln = La(1), Sm(2), Dy(3), Eu(4)].

2.1. IR spectra

The IR spectra of the complexes are similar. The
m(hydrazonic) (C@O) and m(carbonyl) (C@O) vibrations of
the free ligand are at 1646 and 1624 cm�1, respectively;
for the complexes these peaks shift to 1634 and
1609 cm�1, Dm(ligand�complexes) is equal to 12 and
15 cm�1. The band at 600 cm�1 is assigned to m (M–O).
These shifts and the new band demonstrate that the oxy-
gen of carbonyl has formed a coordinative bond with
the rare earth ions. The different shifts of the wave num-
bers indicate that the Ln–O (carbonyl) bond is stronger
than the Ln–O (hydrazonic) bond. The band at
1596 cm�1 for the free ligand is assigned to the m
O
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(C@N) stretch, which shifts to 1570 cm�1 for its com-
plexes. Weak bands at 427 cm�1 are assigned to m (M–
N). These shifts and the new band further confirm that
the nitrogen of the imino-group bonds to the rare earth
ions. The absorption bands of the coordinated nitrates
were observed at about 1479 (mas) and 840 (ms) cm�1.
The m3 (E 0) free nitrates appear at 1383 cm�1 in the spec-
tra of the complexes. In addition, the separation of the
two highest frequency bands jm4–m1j is approximately
155 cm�1, and accordingly the coordinated NO3

� ion
in the complex is a bidentate ligand.17

2.2. UV spectra

The study of the electronic spectra in the ultraviolet and
visible ranges for the Ln(III) complexes and ligand was
carried out in a buffer solution. The electronic spectra of
ligand had a strong band at kmax = 244 nm, a medium
band at kmax = 290 nm, and a weak band at
kmax = 321 nm. The complexes also yield three bands,
and the two bands at 290 and 321 nm are shifted to
294 and 324 nm or so. These indicate that complexes
are formed.

2.3. Thermal analyses

The complexes begin to decompose at 251 �C or so and
there are three exothermic peaks appearing around 237–
392 �C. The corresponding TG curves show a series of
weight loss. Under 200 �C, there are no endothermic
peak and no weight loss on corresponding TG curves.
It indicates that there are no crystal or coordinate
solvent molecules. While being heated to 800 �C, the
complexes become their corresponding oxides. The
residues are in accordance with calculation.

2.4. Fluorescence studies

The fluorescence characteristics of the Eu(III) complex
in solid form are listed in Table 1. The solid complexes
have characteristic line emission of f–f transitions of
metal ions when they are excited with UV light. The sol-
id Eu(III) complex shows strong fluorescence emission.
Based on the theory of antenna effect,18,19 the intensity
of the luminescence of Ln3+ complexes is related to the
efficiency of the intramolecular energy transfer between
the triple level of the ligand and the emitting level of the
ions, which depends on the energy gap between the two
levels. In the solid state, probably the energy gap
Table 1. Fluorescence data of the Eu(III) complex at room

temperature

Complexes State Slit

(nm)

kex

(nm)

kem

(nm)

RFIa Assignment

4 Solid 579.2 19.65 5D0! 7F0

2.5 344 592.6 202.00 5D0! 7F1

616.6 419.40 5D0! 7F2

DMSO 5.0 379 591.6 98.11 5D0! 7F1

613.2 51.08 5D0! 7F2

DMF 591.1 53.11 5D0! 7F1

615.4 38.38 5D0! 7F2

a RFI is relative fluorescence intensity.
between the ligand’s triplet levels and the emitting levels
of the Eu(III) favors the energy transfer process for
europium. This makes the Eu(III) complex show the
most intense red fluorescence. However, the Sm, Dy,
and Tb(III) complexes do not exhibit fluorescence,
which indicates that energy transfer process between
the ligands’ triplet levels and the emitting levels of the
Sm, Dy, and Tb(III) is not favored.

The influence of solvent on the fluorescence intensities of
the Eu(III) complex was investigated. As given in Table
1, the fluorescence intensities of the Eu(III) complex in
organic solvent are weaker than that of powder. This
may be due to the quenching process of solvent mole-
cules in the solution. The fluorescence intensity order
of the Eu(III) (at the same concentration) in different
solvents is DMSO > DMF > CH3OH (completely
quenched). The values e of three solvents are 46.7
(DMSO), 32.63 (CH3OH), and 37.6 (DMF). It can be
seen that the e values of these solvents that contain
oxygen atom are arranged in the order of 46.7
(DMSO) > 32.63 (CH3OH). The order of fluorescence
intensities in these solvents is in agreement with the e
values of them. This indicates that the polarity of the
solvents affects both the absorption and fluorescent
intensities of the complex.

2.5. Electronic absorption titration

Before reacting Eu(III) complex with CT-DNA, its
solution behavior in buffer solution at room temperature
was monitored by UV–vis spectroscopy for 24 h. Liber-
ation of the ligand was not observed under these condi-
tions. These suggest that the complexes are stable under
the conditions studied.

The absorption spectra of ligand and Eu(III) complex in
the absence and presence of CT-DNA are given in
Figure 2a and b, respectively. There exist in Figure 2a
three well-resolved bands at 244, 290, and 321 nm for
ligand, and in Figure 2b three well-resolved bands at
245, 294, and 324 nm for Eu(III) complex. With increas-
ing DNA concentrations, the hypochromisms increased
up to 66.37% at 244 nm and 6.17% at 321 nm for Eu(III)
complex; 50.19% at 244 nm and 19.53% at 321 nm for
ligand. The hypochromisms observed for the bands of
Eu(III) complex and ligand are accompanied by a small
red shift by less than 4 nm.

2.6. Fluorescence spectra

The Eu(III) complex and ligand can emit weak lumines-
cence in Tris buffer with a maximum wavelength of
about 449 nm for Eu(III) complex and 410 nm for
ligand. Emission titrations for the Eu(III) complex and
ligand with DNA are illustrated in Figure 3. Compared
to the Eu(III) complex and ligand alone, the emission
intensity increases with increasing concentrations of
CT-DNA.

The emission spectra of EB and DNA-bound EB in the
absence and the presence of Eu(III) complex and free
ligand are given in Figure 4a and b, respectively.
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The addition of the Eu(III) complex and free ligand to
the DNA-bound EB solutions caused obvious reduction
in emission intensities. The quenching plots illustrate
that the quenching of EB bound to DNA by the ligand
and the complex is in good agreement with the linear
Stern–Volmer equation.

2.7. Viscosity studies

The effects of both compounds on the viscosity of
DNA are shown in Figure 5. The viscosities of the
DNA increase steadily with increasing concentrations
of ligand and Eu(III) complex, and the extent of the
increase observed for the ligand is smaller than that
for the Eu(III) complex.

2.8. Suppression ratio (%) for O2
�� and OH�

The data of the suppression ratio for O2
�� are listed in

Table 2. We find that the inhibitory effect of the com-
pounds tested on O2

�� is concentration dependent, and
the suppression ratio increases with increasing sample
concentrations in the range tested (Fig. 6). The average
suppression ratio of the ligand (IC50 = 65.06 ± 0.62 lM)
for O2

�� is the least in all compounds. The Dy(III) com-
plex (3) (IC50 = 28.08 ± 0.35 lM) is the most effective in
the four complexes, whereas the Eu(III) complex (4)
(IC50 = 58.89 ± 0.99 lM) has the poorest inhibitory
effect.

The comparison of the inhibitory effect on OH� is shown
in Table 3. We can find that all compounds scavenge
OH� also in a concentration-dependent manner
(Fig. 7). The order of the suppression ratio of tested
compounds for OH� is 4 > 2 > 1 > mannitol > 3 > L.
3. Discussion

3.1. Structure of the Ln(III) complexes

Since the crystal structure of the Ln(III) complexes has
not been obtained yet, we characterized the complexes
and determined its possible structure by elemental anal-
yses, molar conductivities, fluorescence data, IR data,
TG–DTA, and UV–vis measurements. The likely struc-
ture of the complexes is shown in Figure 8.

3.2. DNA-binding constant and mode

The design of small complexes that bind and react at
specific sequences of DNA becomes important. A more
complete understanding of how to target DNA sites
with specificity will lead not only to novel chemothera-
peutics but also to a greatly expanded ability for chem-
ists to probe DNA and to develop highly sensitive
diagnostic agents.6

Transition-metal complexes are being used at the fore-
front of many of these efforts. Stable, inert, and water-
soluble complexes containing spectroscopically active
metal centers are extremely valuable as probes of biolog-
ical systems. As both spectroscopic tags and functional
models for the active centers of proteins, metal complex-
es have helped elucidate the mechanisms by which
metalloproteins function.6

Large hypochromism of an aromatic dye in presence of
double helical DNA is usually characteristic of interca-
lation into DNA base pairs for the dye, due to the strong
stacking interaction between the aromatic chromophore
and the base pairs.20,21 So, the above phenomena imply
that the compound interacts with calf thymus DNA
quite probably by intercalating the ligand into the base
pairs. The binding constant Kb, has been estimated to
be 1.76 · 104 M�1 (ligand) and 2.49 · 104 M�1 (Eu(III)
complex), respectively.

In order to test if the Eu(III) complex could bind to
DNA by intercalation, ethidium bromide (EB) was em-
ployed, as EB interacts with DNA as a typical indicator
of intercalation.22 Figure 9 shows that the maximal
absorption of EB at 479 nm decreased and shifted to
515 nm in the presence of DNA, which is characteristic
of intercalation. Figure 9c is the absorption of a mixture
solution of EB, Eu(III) complex, and DNA. It was
found that the absorption at 515 nm increased com-
pared with Figure 9b. This could result from two rea-
sons: (1) EB bound to the Eu(III) complex strongly,
resulting in a decreased amount of EB intercalated into
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DNA; (2) there exists competitive intercalation between
the Eu(III) complex and EB with DNA, thus releasing
some free EB from DNA–EB system. However, the
former reason could be precluded since there were no
new absorption peaks.

The results of the emission titrations suggest that both
the compounds are protected from solvent water mole-
cules by the hydrophobic environment inside the DNA
helix. This implies that both the compounds can insert
between DNA base pairs deeply. Since the hydrophobic
environment inside the DNA helix reduces the accessibil-
ity of solvent water molecules to the compound and the
compound mobility is restricted at the binding site, a de-
crease of the vibrational modes of relaxation results. The
binding of the Eu(III) complex and ligand to DNA leads
to a marked increase in the emission intensity which also
agrees with those observed for other intercalators.23

According to the Scatchard equation, a plot of r/Cf

versus r gave the binding constants 3.55 · 106 and
1.33 · 106 M�1 from the fluorescence data for the Eu(III)
complex and the free ligand, respectively. These results
show that the complex binds more strongly than the free
ligand. The higher binding affinity of complex is proba-
bly attributed to the extension of the p system of the
intercalated ligand due to the coordination of Eu, which
also leads to a planar area greater than that of the free
ligand, which leads to the coordinated ligand penetrating
more deeply into, and stacking more strongly with the
base pairs of the DNA.

Competitive binding to DNA of the complexes with
ethidium bromide (EB) could provide rich information
regarding DNA-binding nature and relative DNA-bind-
ing affinity. EB emits intense fluorescence in the presence
of DNA, due to strong intercalation between the adja-
cent DNA base pairs of DNA (Kb = 1.4 · 106 M�1).24

It was previously reported that the enhanced fluores-
cence could be quenched, at least partially, by addition
of a second intercalative molecule.25,26 The quenching
extents of fluorescence of EB bound to DNA are used
to determine the relative DNA-binding affinities of the
second molecules. The emission band at 578 nm of the
DNA–EB system decreased in intensity with an increase
in the concentration of the two compounds, which indi-
cated that the compounds could displace EB from the
DNA–EB system. The resulting decrease in fluorescence
was caused by EB changing from a hydrophobic envi-
ronment to an aqueous environment.27 Such a charac-
teristic change is often observed in intercalative DNA
interactions.28 In the plots of F0/F versus [Q], Kq is given
by the ratio of the slope to the intercept. The Kq values
for the Eu(III) complex and ligand are 7.08 · 103 and
4.89 · 103 M�1, respectively. The data show that the
interaction of the Eu(III) complex with DNA is stronger
than that of the free ligand, which is consistent with the
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Table 2. The influence of investigated compounds for O2
��

Compound Average inhibition

11.5 lM 23 lM

L 12.46 ± 0.25 31.23 ± 0.21

1 33.63 ± 0.25 42.67 ± 0.35

2 32.66 ± 0.35 42.46 ± 0.40

3 33.56 ± 0.41 44.6 ± 0.26

4 25.66 ± 0.34 33.63 ± 0.32
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Figure 6. Suppression ratio for O2
�� of 2.
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above absorption titration results. Since these changes
indicate only one kind of quenching process, it may be
concluded that the Eu(III) complex and free ligand bind
DNA via the same mode (intercalation mode).
(%) for O2
�� IC�50 ðlMÞ

46 lM 92 lM

46.55 ± 0.23 53.54 ± 0.24 65.06 ± 0.62

65.3 ± 0.36 68.57 ± 0.35 28.46 ± 0.55

52.53 ± 0.42 56.4 ± 0.43 45.53 ± 0.65

61.46 ± 0.25 70.58 ± 0.38 28.08 ± 0.35

47.60 ± 0.40 56.35 ± 0.30 58.89 ± 0.99



Table 3. The influence of investigated compounds for OH�

Compound Average inhibition (%) for OH� IC�50 ðlMÞ
11.5 lM 23 lM 46 lM 92 lM

L 47.60 ± 0.40 63.42 ± 0.38 72.47 ± 0.37 85.54 ± 0.43 12.18 ± 0.24

1 56.40 ± 0.37 68.71 ± 0.36 90.38 ± 0.35 98.44 ± 0.44 8.54 ± 0.15

2 54.64 ± 0.46 75.47 ± 0.37 87.60 ± 0.36 95.62 ± 0.44 7.59 ± 0.22

3 52.32 ± 0.42 69.69 ± 0.52 86.44 ± 0.40 94.43 ± 0.50 9.34 ± 0.04

4 55.47 ± 0.38 72.50 ± 0.48 82.34 ± 0.45 90.64 ± 0.46 7.13 ± 0.04

Mannitol 52.80 ± 0.38 72.45 ± 0.36 90.69 ± 0.38 98.38 ± 0.32 9.17 ± 0.36
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Figure 7. Suppression ratio for OH� of 2.

Figure 8. The suggested structure of the complexes.
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Optical photophysical probes generally provide neces-
sary, but not sufficient, clues to support one binding
mode. Hydrodynamic measurements that are sensitive
to the length change (i.e., viscosity and sedimentation)
are regarded as the least ambiguous and most critical
tests for binding in solution in the absence of crystal-
lographic structural data.29 A classical intercalation
model demands that the DNA helix lengthens as base
pairs are separated to accommodate the binding
ligand, leading to an increase in DNA viscosity. In
contrast, a partial, non-classical intercalation of com-
pound could bend (or kink) the DNA helix, reducing
its effective length and, concomitantly, its viscosi-
ty.30,31 Viscosity experimental results clearly show that
both the compounds can intercalate between adjacent
DNA base pairs, causing an extension in the helix,
and thus increase the viscosity of DNA; and that
the Eu(III) complex can intercalate more strongly
and deeply than the free ligand, leading to the greater
increase in viscosity of the DNA with an increasing
concentration of complex. The results obtained from
viscosity studies validate those obtained from the spec-
troscopic studies.

On the basis of all the spectroscopic studies together
with the viscosity measurements, we find that the Eu(III)
complex and ligand can bind to CT-DNA in an interca-
lative mode (Fig. 10) and that the Eu(III) complex binds
to CT-DNA more strongly than the free ligand.

3.3. Antioxidant activity

It is clear that the scavenger effect on O2
�� can be

enhanced by the formation of metal–ligand coordina-
igure 10. Molecular mode for DNA–Eu-ligand complex (in an

tercalative mode).
F

in
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tion complexes and the nature of the rare earth ions also
affects the ability. Some complexes we have synthesized
are better effective inhibitor for O2

�� than that of the
nitroxide Tempo (IC50 = 60 ± 3.1 lM) which has been
recently used in biological system for its capacity to
mimic superoxide dismutase.32 Although superoxide is
a relatively weak oxidant, it decomposes to form stron-
ger relative oxidative species, such as single oxygen and
hydroxyl radicals, which initiate peroxidation of lipids.33

In the present study, the complexes effectively scavenged
superoxide in a concentration-dependent manner. Fur-
ther, superoxides are also known to indirectly initiate
lipid peroxidation as a result of H2O2 formation, creat-
ing precursors of hydroxyl radicals.34 These results
showed the complexes have significant scavenging activ-
ity of superoxide radical and clearly suggested that the
antioxidant activity of the complexes was also related
to its ability to scavenge superoxide radical.

It is clearly shown that metal complexes exhibit consid-
erable scavenging activity due to the chelation of organ-
ic molecule to rare earth ions and rare earth ions such as
La(III), Sm(III), Eu(III), and Dy(III) exert differential
and selective effects on scavenging radicals of the biolog-
ical system. Moreover, we find that La (1), Sm (2), Eu
(3) complexes are better effective inhibitor for OH� than
that of mannitol which is usually used as special scaven-
ger for OH�. Therefore, the metal complexes of the free
ligand we studied in this paper deserve to be further
researched.
4. Conclusion

A new ligand (CDC), 6-hydroxy chromone-3-carbalde-
hyde-(2 0-hydroxy) benzoyl hydrazone, and its four
Ln(III) complexes have been prepared and character-
ized. The DNA-binding properties of the Eu(III) com-
plex and ligand were investigated by absorption,
fluorescence, and viscosity measurements. The results
support the fact that the compounds bind to CT-DNA
via intercalation. The binding constant shows that
DNA-binding affinity increases in the order: ligand
< Eu(III) complex. All the compounds have shown con-
siderable antioxidant activity, and the suppression rate
of the complexes tested is higher than that of the ligand
itself. Information obtained from the present work is
helpful to the development of nucleic acids molecular
probes and new therapeutic reagents for some diseases.
5. Experimental

5.1. Materials

Acetic anhydride, hydroquinone, safranin, and EDTA
were produced in China. NBT, MET, VitB2, CT-DNA
and EB were purchased from Sigma Chemical Co. All
chemicals used were of analytical grade. The rare earth
(III) nitrates were derived from their oxide (99.9%)
acquired from Nong Hua (PR China). 2-Hydroxy ben-
zoyl hydrazine was prepared according to the literature
methods.35 EDTA–Fe(II) and KH2PO4– K2HPO4
buffers were prepared with deionized water. All the
experiments involving interaction of the Eu(III) complex
and the ligand with CT-DNA were carried out in doubly
distilled water buffer containing 5 mM Tris and 50 mM
NaCl, and adjusted to pH 7.1 with hydrochloric acid. A
solution of CT-DNA in the buffer gave a ratio of UV
absorbance of about 1.8–1.9:1 at 260 and 280 nm, indi-
cating that the DNA was sufficiently free of protein.36

The DNA concentration per nucleotide was determined
by absorption spectroscopy using the molar absorption
coefficient (6600 M�1 cm�1) at 260 nm.37 The com-
pounds were dissolved in a mixed solvent of 10%
DMF and 90% Tris–HCl buffer (5 mM Tris–HCl,
50 mM NaCl, pH 7.1) at fixed concentration.

5.2. Instrumentation

Carbon, hydrogen, and nitrogen were analyzed on an
Elemental Vario EL analyzer. The metal contents of
the complex were determined by titration with EDTA.
Infrared spectra (4000–400 cm�1) were determined with
KBr disks on a Therrno Mattson FTIR spectrometer.
The UV–vis spectra were recorded on a Varian Cary
100 Conc spectrophotometer. 1H NMR spectra were
measured on a Varian VR 300-MHz spectrometer,
using TMS as a reference in DMSO-d6. Mass spectra
were performed on a VG ZAB-HS (FAB) instrument.
The fluorescence spectra were recorded on a Hitachi
RF-4500 spectrofluorophotometer. The antioxidative
activities of the compounds were tested on a 72
spectrophotometer.

5.3. Preparation of ligand (L)

CDC was prepared according to the literature meth-
ods.17 An ethanol solution containing 2-hydroxy benzo-
yl hydrazine (1.52 g, 10 mmol) was added dropwise to
another ethanol solution containing CDC (1.90 g,
10 mmol). The mixture was stirred for 2 h at room tem-
perature and a white precipitate formed. The precipitate
was collected by filtration and washed with ethanol.
Recrystallisation from 1:1 (v/v) DMF/H2O gave the li-
gand (L), which was dried in a vacuum. Yield: 90%.
Mp 256 �258 �C. FAB-MS: m/z = 325 [M+H]+. Anal.
Calcd for C17H12N2O5: C, 62.96; H, 3.7; N, 21.47.
Found: C, 62.12; H, 3.78; N, 21.02. 1H NMR
(DMSO-d6 300 MHz): d 11.68 (1H, br, NH), 10.14
(1H, s, a-OH), 10.09 (1H, s, b-OH), 8.72 (1H, s, 2-H),
8.56 (1H, s, CH@N), 7.81–6.82 (7H, m, PhH, 5, 7, 8-
H). IR mmax (cm�1): m(carbonyl)C@O: 1624, m(hydrazonic)C@O:
1646, mC@N: 1596 cm�1. Umax: (nm) 244, 294, 321.

5.4. Preparation of complexes

The ligand (1.0 mmol, 0.324 g) and the La(III) nitrate
(0.5 mmol, 0.217 g) were added together in ethanol
(10 mL). The mixtures were stirred at 60 �C. After
5 min, the mixtures, solution was filtered to remove res-
idue and continued stirring for 24 h at room tempera-
ture. A white precipitate, the La(III) complex, was
separated from the solution by suction filtration, puri-
fied by washing several times with ethanol, and dried
for 24 h in a vacuum. Sm(2), Dy(3), and Eu(4) complex-
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es were prepared by the same way. Anal. Calcd for com-
plex 1 C34H24N7O19La: C, 41.45 (41.94); H, 2.23 (2.46);
N, 10.02 (10.07); La, 14.35 (14.27). Km (S cm2 mol�1):
102. IR mmax (cm�1): m(carbonyl)C@O: 1609, m(hydrazonic)C@O:
1634, mC@N: 1566, mNO3

: 1479, 1383, 1324, 1187, 840.
Umax (nm): 245, 294, 325. Thermal analyses: Tdecomp

(�C): 237, 315, 392; Residue calcd (%): 15.99 (16.74).
Anal. Calcd for complex 2 C34H24N7O19Sm: C,
41.56 (41.45); H, 2.35 (2.44); N, 10.08 (9.96); Sm,
15.52 (15.27). Km (S cm2 mol�1): 112. IR mmax (cm�1):
m(carbonyl)C@O: 1609, m(hydrazonic)C@O: 1635, mC@N: 1570,
mNO3

: 1479, 1383, 1324, 1187, 838. Umax (nm): 244, 294,
325. Thermal analyses: Tdecomp (�C): 238, 316, 391; Res-
idue Calcd (%): 17.19 (17.71). Anal. Calcd for complex 3
C34H24N7O19Dy: C, 40.20 (40.94); H, 2.32 (2.41); N,
10.09 (9.83); Dy, 16.85 (16.31). Km (S cm2 mol�1): 102.
IR mmax(cm�1): m(carbonyl)C@O: 1609, m(hydrazonic)C@O:
1634, mC@N: 1571, mNO3: 1479, 1383, 1323, 1187, 840.
Umax (nm): 245, 293, 324. Thermal analyses: Tdecomp

(�C): 237, 315, 392; Residue Calcd (%): 18.24 (18.71).
Anal. Calcd for complex 4 C34H24N7O19Eu: C,
41.67 (41.38); H, 2.35 (2.43); N, 9.79 (9.94); Eu,
16.14 (15.41). Km (S cm2 mol�1): 104. IR mmax (cm�1):
m(carbonyl)C@O: 1609, m(hydrazonic)C@O: 1635, mC@N: 1572,
mNO3

: 1479, 1383, 1324, 1186, 838. Umax (nm): 245, 294,
325. Thermal analyses: Tdecomp (�C): 237, 316, 390; Res-
idue Calcd (%): 17.15 (17.84).

5.5. An absorption titration

Absorption titration experiment was performed with
fixed concentrations of the drugs, while gradually
increasing concentration of DNA. While measuring
the absorption spectra, an equal amount of DNA was
added to both compound solution and the reference
solution to eliminate the absorbance of DNA itself.
From the absorption titration data, the binding constant
was determined using38

½DNA�=ðeA � eFÞ ¼ ½DNA�=ðe0 � eFÞ þ 1=Kbðe0 � eFÞ;
where [DNA] is the concentration of DNA in base pairs,
eA corresponds to the extinction coefficient observed
(Aobsd/[M]), eF corresponds to the extinction coefficient
of the free compound, e0 is the extinction coefficient of
the compound when fully bound to DNA, and Kb is
the intrinsic binding constant. The ratio of slope to
intercept in the plot of [DNA]/(eA � eF) versus [DNA]
gives the values of Kb.

5.6. Fluorescence spectra

To compare quantitatively the affinity of the compound
bound to DNA, the intrinsic binding constants Kb of
the two compounds to DNA were obtained by the lumi-
nescence titration method. Fixed amounts of compound
were titrated with increasing amounts of DNA, over a
range of DNA concentrations from 2.5 to 20.0 lM. An
excitation wavelength of 326 nm was used, and total fluo-
rescence emission intensity was monitored at 449 nm for
Eu(III) complex and 410 nm for ligand. The concentra-
tion of the bound compound was calculated using Eq. 1:23

Cb ¼ Ct½ðF � F 0Þ=ðF max � F 0Þ� ð1Þ
where Ct is the total compound concentration, F is the
observed fluorescence emission intensity at given DNA
concentration, F0 is the intensity in the absence of
DNA, and Fmax is the fluorescence of the totally bound
compound. Binding data were cast into the form of a
Scatchard plot39 of r/Cf versus r, where r is the binding
ratio Cb/[DNA]t and Cf is the free ligand concentration.
All experiments were conducted at 20 �C in a buffer con-
taining 5 mM Tris–HCl (pH 7.1) and 50 mM NaCl
concentrations.

Further support for Eu(III) complex and ligand binding
to DNA by intercalation mode is given through the
emission quenching experiment. EB is a common fluo-
rescent probe for DNA structure and has been employed
in examinations of the mode and process of metal com-
plex binding to DNA.40 A 2 mL solution of 10 lM
DNA and 0.33 lM EB (at saturating binding levels41)
was titrated by 5–30 lM Eu(III) complex and ligand
(kex = 500 nm, kem = 520.0–650.0 nm).

According to the classical Stern–Volmer equation:42

F 0=F ¼ Kq½Q� þ 1

Where F0 is the emission intensity in the absence of
quencher, F is the emission intensity in the presence of
quencher, Kq is the quenching constant, and [Q] is the
quencher concentration. The shape of Stern–Volmer
plots can be used to characterize the quenching as being
predominantly dynamic or static. Plots of F0/F versus
[Q] appear to be linear and Kq depends on temperature.

5.7. Viscosity measurements

Viscosity experiments were conducted on an Ubbdlodhe
viscometer, immersed in a thermostated water-bath
maintained to 25.0 �C. Titrations were performed for
the Eu(III) complex and the ligand (1–5 lM), and each
compound was introduced into DNA solution (5 lM)
present in the viscometer. Data were presented as
ð�g=�g0Þ1=3

versus the ratio of the concentration of the com-
pound and DNA, where �g is the viscosity of DNA in the
presence of compound and �g0 is the viscosity of DNA
alone. Viscosity values were calculated from the ob-
served flow time of DNA containing solution corrected
from the flow time of buffer alone (t0), �g ¼ t � t0.43,29

5.8. Scavenger measurements of O2
��

The superoxide radicals (O2
��) were produced by the

system of MET/VitB2/NBT.44 The amount of O2
�� and

suppression ratio for O2
�� can be calculated by measur-

ing the absorbance at 560 nm. The solution of MET,
VitB2, and NBT was prepared with 0.067 M phosphate
buffer (pH 7.8) at avoiding light. The tested compounds
were dissolved in DMF. The 10 mL reaction mixture
contained MET (0.01 mol/L), NBT (4.6 · 10�5 mol/L),
VitB2 (3.3 · 10�6 mol/L), and the tested compound.
After illuminating with a fluorescent lamp at 30 �C for
10 min, the absorbance (Ai) of the samples was mea-
sured at 560 nm. The sample without the tested com-
pound was used as the control and its absorbance was
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A0. The suppression ratio for O2
�� was calculated from

the following expression:

Suppression ratio ¼ 100
A0 � Ai

A0

ð2Þ

where Ai = the absorbance in the presence of the ligand
or its complexes, A0 = the absorbance in the absence of
the ligand or its complexes.

5.9. Hydroxyl radical scavenging activity

The hydroxyl radical in aqueous media was generated
through the Fenton reaction.45 The solution of the test-
ed compound was prepared with DMF. The sample
contained 1 mL of 0.15 M phosphate buffer (pH 7.4),
1 mL of 40 lg/mL safranin, 1 mL of 0.945 mmol/L
EDTA–Fe(II), 1 mL of 3% H2O2, and 0.5 mL of the
solution of the tested compound. The tested samples
were kept to react for 0.5 h at constant 37 �C. The
absorbances (Ai, A0) of the samples and a control were
measured at 520 nm. The suppression ratio for OH�

was calculated from the following expression:

Suppression ratio ¼ 100
Ai

A0

ð3Þ

where Ai = the absorbance in the presence of the ligand
or its complexes, A0 = the absorbance in the absence of
the compound tested and EDTA–Fe(II).
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