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a b s t r a c t

Two new water-soluble solid complexes [PrL (NO3)2(CH3OH)] (NO3), [NdL(NO3)2(CH3OH)](NO3)(L = 9-
fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-piperaziny)-7-oxo-7H-pyrido [1,2,3-de]-1,4-benzoxazine-
6-carbaldehyde benzoyl hydrazone) have been synthesized by the reaction of Ln(III) nitrate with an
ofloxacin derivative. The crystal structures of [PrL(NO3)2(CH3OH)](NO3) and [NdL(NO3)2

(CH3OH)](NO3) were determined by single-crystal X-ray diffraction. The interactions of the ligand and
Ln(III) complexes with calf thymus DNA (CT DNA) have been investigated by UV–Vis (UV–Vis) spectra,
ethidium bromide (EB) displacement experiments, circular dichroism (CD) spectra, cyclic voltammetry
(CV) and viscosity measurements. Experimental results indicated that Ln(III) complexes and ligand could
bind to CT DNA via the intercalation mode and that the binding affinities of Ln(III) complexes are higher
than that of free ligand. In addition, Ln(III) complexes could cleave pBR322 DNA in the presence and the
absence of reductant. The free ligand did not show any DNA-cleaving abilities. Furthermore, the antiox-
idant activity of the ligand and Ln(III) complexes was determined by superoxide and hydroxyl radical
scavenging methods in vitro, which indicate that the Ln(III) complexes exhibit more effective antioxidant
activity than the ligand alone.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Metal complexes that bind and cleave DNA under physiological
conditions are of current interests for their varied applications in
nucleic acid chemistry, namely, as models for restriction enzymes,
footprinting agents, and therapeutic agents [1–7]. Basically, the
complex bound to DNA through three non-covalent modes: inter-
calation, groove binding and external static electronic effects.
Understanding the DNA binding properties of metal complexes is
in the hope of developing novel probes of nucleic acid structure,
DNA footprinting and sequence-specific cleaving agents, antitumor
drugs, etc. [8–10]. DNA cleavage could proceed via hydrolytic or
oxidative pathways. Hydrolytic cleavage of DNA involves hydroly-
sis of the phosphodiester bond generating fragments that could be
rejoined making the compounds as models for restriction enzymes
having utility in genomic research. Ln(III), Cu(II) and Zn(II) com-
plexes are better suited for the hydrolysis of DNA due to the strong
Lewis acid properties of these metal ions [3–6]. Oxidative cleavage
of DNA generally causes degradation of the sugar and/or base
moiety thus making the process suitable for foot-printing and
ll rights reserved.
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therapeutic applications. Therefore, much of the attention has been
targeted on the design of metal-based complexes, which can bind
and cleave DNA.

Quinolones (quinolone-carboxylic acids or 4-quinolones) are a
group of synthetic antibacterial agents that act as antibacterial drugs
by inhibiting effectively DNA replication and are commonly used as
treatment for many infections [11]. Ofloxacin ((±)9-fluoro-2,3-dihy-
dro-3-methyl-10-(4-methyl-1-piperaziny)-7-oxo-7H-pyrido[1,2,3-
de]-1,4-benzoxazine-6-carboxylic acid; Fig. 1) is one of the most fre-
quently used fluorinated quinolones antibiotics in the world [12]. It
has a broad spectrum of activity against gram-positive, gram-nega-
tive aerobic, facultatively anaerobic bacteria, chlamydiae, and some
related organisms, such as mycoplasmas or mycobacteria [13].
Moreover, Schiff bases play an important role in bioinorganic chem-
istry as they exhibit remarkable biological activity. The acid hydra-
zides R–CO–NH–NH2, a class of Schiff base, their corresponding
aroylhydrazones, R–CO–NH–N@CH–R0, and the dependence of their
mode of chelation with metal ions present in living systems have
been of significant interest [14–18].

So we synthesized and characterized the salicylaldehyde (±)9-fluoro-
2,3-dihydro-3-methyl-10-(4-methyl-1-piperaziny)-7-oxo-7H-pyrido [1 ,
2,3-de]-1,4-benzoxazine-6-carboxylhydrazone and its Pr(I) and Nd
(I) complexes. Spectroscopy, CV and viscosity measurements showed
thattheligandanditsLn(I)complexescaninteractwithCTDNAthrough
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Fig. 1. The structure of ofloxacin.

M. Xu et al. / Inorganica Chimica Acta 384 (2012) 324–332 325
intercalation, and Ln(III) complexes present stronger affinities to CT DNA
than ligand. Gel electrophoresis experiments showed Ln(I) complexes
can promote the DNA cleavage more efficiently than ligand under phys-
iological conditions. In addition, the two water-soluble Ln(III) complexes
are found to possess potentially antioxidant activities.
2. Experimental

2.1. Materials

Nitroblue tetrazolium (NBT), methionine (MET), vitamin B2

(VitB2), Ethidium bromide (EB), and CT DNA were purchased from
Sigma Chemical Co. EDTA, NaBH4, ethyl acetate, M(NO3)3�6H2O
[M = Pr(III), Nd(III)] were produced in China. All chemicals used
were of analytical grade. EDTA–Fe(II) and KH2PO4–K2HPO4 buffers
were prepared with doubly distilled water. All the experiments in-
volved with the interaction of ligand and complexes with CT DNA
were carried out in doubly distilled water buffer containing Tris
[tris(hydroxymethyl)-aminomethane] (5 mM) and NaCl (50 mM)
and adjusted to pH 7.2 with hydrochloric acid. Solution of CT DNA
in the buffer gave ratios of UV–Vis absorbance of about 1.8–1.9:1
at 260 and 280 nm, indicating that the CT DNA was sufficiently free
of protein [19]. The CT DNA concentration per nucleotide was deter-
mined spectrophotometrically by employing an extinction coeffi-
cient of 6600 m�1 cm�1 at 260 nm [20].

2.2. Physical measurements

Carbon, hydrogen and nitrogen were determined using an Ele-
mental Vario EL analyzer. The melting point of the ligand was
determined on a Beijing XT4-100X microscopic melting point
apparatus (the thermometer was not calibrated). The IR spectra
were obtained in KBr disks on a Therrno Mattson FTIR spectropho-
tometer in the 4000–400 cm�1 region. 1H NMR spectra were re-
corded on a Varian VR 200 MHz spectrometer in DMSO-d6 with
TMS (tetramethylsilane) as internal standard. Mass spectra were
performed on an APEX II FT-ICR MS instrument using methanol
as mobile phase. The UV–Vis spectra were recorded on a Shimadzu
UV-240 spectrophotometer. Fluorescence measurements were re-
corded on a Hitachi RF-4500 spectrofluorophotometer at room
temperature. The antioxidant activity was performed in DMF solu-
tion with a 721-E spectrophotometer.

2.3. DNA binding experiments

2.3.1. Viscosity measurements
Viscosity experiments were conducted on an Ubbdlodhe vis-

cometer, immersed in a thermostated water-bath maintained to
25.0 �C. Titrations were performed for the complexes (1–5 lM),
and each compound was introduced into DNA solution (5 lM)
present in the viscometer. Data were presented as (g/gc)1/3 versus
the ratio of the concentration of the compound 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
observed flow time of DNA containing solution corrected from
the flow time of buffer alone (t0), g = t � t0 [21].

2.3.2. Electronic absorption titration
An absorption titration experiment was performed by main-

taining 10 lM compounds and varying the concentration of nucleic
acid. While measuring the absorption spectra, an equal amount of
CT DNA was added to both the compound solution and the refer-
ence solution to eliminate the absorbance of CT-DNA itself. From
the absorption titration data, the binding constant was determined
using the following Eq. (1) [22]:

½DNA�=ðea � ef Þ ¼ ½DNA�=ðeb � ef Þ þ 1=Kbðeb � ef Þ ð1Þ

where [DNA] is the concentration of DNA in base pairs, ea corre-
sponds to the extinction coefficient observed (Aobsd/[M]), ef corre-
sponds to the extinction coefficient of the free compound, eb 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.

2.3.3. EB displacement experiments
Further evidence for complexes and ligand binding to DNA via

intercalation is given through the emission quenching experiment.
EB is a common fluorescent probe for DNA structures and has been
employed in examinations of the mode and process of metal com-
plex binding to DNA [23]. A 2.0 mL solution of 4 lM DNA and
0.32 lM EB (at saturation binding levels) was titrated by 0–
110 lM complexes and ligand (kex = 525 nm, kem = 520.0–
650.0 nm). Quenching data were analyzed according to the Stern–
Volmer equation (Eq. (2)) which could be used to determine the fluo-
rescent quenching mechanism [24]:

F0=F ¼ KSV ½Q � þ 1 ð2Þ

where F0 is the emission intensity in the absence of quencher, F is
the emission intensity in the presence of quencher, KSV 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 KSV depends on temperature.

2.3.4. CD spectra
The CD spectra were recorded on an Olos RSM 1000 at increas-

ing complex/DNA ratio (r = 0.0, 0.5). Each sample dissolved in
water was scanned in the range of 220–320 nm. A CD spectrum
was generated which represented the average of three scans from
which the buffer background had been subtracted. The concentra-
tion of DNA was 1.0 � 10�4 M.

2.3.5. Cyclic voltammetry experiments
Cyclic voltammetry experiments were performed at room tem-

perature under an inert atmosphere (N2) with a conventional
three-electrode electrochemical cell, and using a CHI-420 electro-
chemical workstation (made in Shanghai, China). The three-elec-
trode system used in this work consists of a glassy carbon
electrode as working electrode, a saturated calomel electrode
(SCE) as reference electrode and a Pt foil auxiliary electrode. Solu-
tion was prepared by dissolving the complexes in N,N-dimethyl
formamide (DMF) and 100 mM NaClO4 was used as supporting
electrolyte.

2.4. DNA cleavage experiments

The cleavage of pBR322 DNA was studied by agarose gel elec-
trophoresis. The concentration of the complexes in DMF or the
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additives in buffer corresponded to the quantity in 2 ll stock solu-
tion after dilution to the 20 ll final volume using TBE buffer
[0.045 M tris(hydroxymethyl)aminomethane (tris), 0.045 M boric
acid, and 1 mM EDTA, pH 8.3]. The solution path length in the sam-
ple vial was �5 mm. Each sample was incubated for 13 h at 37 �C
and the samples were analyzed by electrophoresis for 1 h at
100 V on a 0.8% agarose gel in TBE buffer. The gel was stained with
1 mg/ml ethidium bromide and photographed on an Alpha Inno-
tech IS-5500 fluorescence chemiluminescence and visible imaging
system. Mechanistic studies were carried out using different addi-
tives (NaN3, 0.1 mM; L-Histidine, 0.1 mM; DMSO, 2 lL; EtOH,
2 lL;) prior to the addition of the complex.

2.5. Antioxidant activity

Hydroxyl radical (HO�) scavenging activity through the Fenton
reaction [25]. The solution of the compound to be tested was pre-
pared in DMF. The tested samples contained 1 ml of 0.15 M phos-
phate buffer (pH 7.4), 1 ml of 40 lgml�1 safranin, 1 ml of 1.0 mM
EDTA–Fe(II), 1 ml of 3% H2O2, and 0.5 ml of the solution of the
tested compound (prepared as a series dilutions of the tested com-
pound). The reaction mixtures were incubated at 37 �C for 60 min
in a water-bath. The absorbances of the samples and a control were
measured at 520 nm. The suppression ratio for OH� was calculated
from the following Eq. (3).

Suppression ratio ¼ ðAsample � AblankÞ=ðAcontrol � AblankÞ ð3Þ

where Asample is the absorbance of the sample in the presence of the
tested compound, Ablank is the absorbance of the blank in the ab-
sence of the tested compound and Acontrol is the absorbance in the
absence of the tested compound and EDTA–Fe (II). IC50 value was
introduced to denote the molar concentration of the tested com-
pound which caused good inhibitory or scavenging effect on radi-
cals.The superoxide radicals (O��2 ) were produced by the MET/
VitB2/NBT system [26]. The amount of O��2 and suppression ratio
for O��2 can be calculated by measuring the absorbance at 560 nm.
The solution of MET, VitB2, and NBT were prepared in a 0.067 M
phosphate buffer (pH 7.8) while avoiding light. The tested com-
pounds were dissolved in DMF. The 5 ml reaction mixture con-
tained MET (0.01 M), NBT (4.6 � 10�5 M), VitB2 (3.3 � 10�6 M),
and the tested compound. After illuminating the solution with a
fluorescent lamp at 30 �C for 30 min, the absorbance (Ai) of the sam-
ples were measured at 560 nm. The sample without the tested com-
pound was used as the control and its absorbance was used as A0.
The suppression ratio for O��2 was calculated from the following
Eq. (4):

Suppression ratio ¼ ðA0 � AiÞ=A0 ð4Þ

where Ai is the absorbance in the presence of ligand or its com-
plexes and A0 is the absorbance in the absence of ligand or its
complexes.
Fig. 2. The synthetic route of the ligand: (i) C2H5OH, reflux
2.6. Preparation of the ligand

Ofloxacin (1.88 g, 5 mmol) was esterified to 9-fluoro-2,3-dihy-
dro-3-methyl-10-(4-methyl-1-piperaziny)-7-oxo-7H-pyrido[1,2,3-
de]-1,4-benzoxazine-6-carboxylate, treatments of the esters with
N2H4�H2O (3 ml) gave the corresponding hydrazine. A methanol
solution (15 ml) containing 2-hydroxybenzaldehyde (611 mg,
5 mmol) was added to another methanol solution (10 ml) con-
taining the above hydrazine (188 mg, 5 mmol). The mixture was
refluxed for 3 h with stirring and a yellow solid was separated
out. After cooling to room temperature, the precipitate was fil-
tered, and washed with ethanol to give the ligand. Yield 86%
(Fig. 2).

Ester: white solid, m.p. 238 �C-240 �C, 1H NMR (CD3OH, 400 MHz)d
(ppm): 1.432–1.449 (3H, d, J = 6.8 Hz, –CH3), 2.361–2.375(3H, d,
J = 5.6 Hz, –N–CH3), 2.642 (4H, s, 10,40 –H), 3.230-3.238(1H, m, 2–H),
3.325–3.336(4H, d, 20,30 –H), 4.331–4.535(2H, m, 1–H), 7.360–
7.391(1H, d, 3–H), 8.511(1H, s, 7–H).

Hydrazine: yellowish solid, m.p. 200–202 �C, 1H NMR (CD3OH,
400 MHz) d (ppm): 1.462–1.478 (3H, d, J = 6.4 Hz, –CH3), 2.290(3H,
s, –N–CH3), 2.526 (4H, s, 10,40 –H), 3.229–3.236(1H, m, 2–H),
3.261–3.333(4H, d, 20,30 –H), 4.289–4.444(2H, m, 1–H), 7.305–
7.336(1H, d, 3–H), 8.559(1H, s, 7–H).

Ligand: C25H26FN5O4, white solid, m.p. 264–266 �C, 1H NMR
(DMSO-d6, 300 MHz) d (ppm): 1.416–1.438(3H, d, J = 6.6 Hz, –
CH3), 2.207–2.237 (3H, d, J = 9.0 Hz, –N–CH3), 2.479–2.503 (4H,
m, 10,40 –H), 3.257–3.425 (5H, m, 2–H , 20,30 –H), 4.331–4.552
(2H, m, 1–H), 4.896(1H, s, –OH), 6.893-7.579 (4H, m, 7–H,
10,20,30 –H), 8.608–8.638(1H, d, J = 9 Hz, 40 –H), 8.876–8.905(1H,
d, J = 8.7 Hz, 3–H)11.277 (1H, s, –CH@N). FAB-MS: m/z = 480.1
[M+H]+. Anal. Calc. for C25H26FN5O4: C, 62.66; H, 5.50; N,
14.65. Found: C, 62.62; H, 5.47; N, 14.61%. IR vmax (cm�1):
v(N–H): 3443, v(hydrazonic) C@O: 1664, v(C@N): 1610. UV
(Tris–HCl 5 mM, pH 7.2); e = 2.80 � 104 (k = 302 nm);
e = 2.29 � 104 (k = 338 nm).
2.7. Preparation of the complexes

2.7.1. Pr(III) complex
Ligand (119 mg, 0.25 mmol) and NaOH (10 mg, 0.25 mmol) was

mixed in 15 ml CH3OH under stirring for 0.5 h at 60 �C, then
Pr(NO3)3�6H2O (131 mg, 0.3 mmol) was added into the reaction
mixtures. The mixtures were refluxed and stirred continuously for
3 h. After cooling to room temperature, a yellow precipitate, Pr(III)
complex was centrifugalized, washed with methanol and dried in
vacuum over 24 h. Yield: 81%. Anal. Calc. for C52H58F2N16O28Pr2: C,
37.11; H, 3.52; N, 13.34. Found: C, 37.08; H, 3.46; N, 13.29%. IR vmax

(cm�1): v(N–H): 3384, v(C@O): 1630, v(C@N): 1543, v(NO3): 1385.
UV (Tris–HCl 5 mM, pH 7.2); e = 3.57 � 104 (kmax = 303 nm).
, 20 h; (ii) C2H5OH, reflux, 4 h; (iii) CH3OH, reflux, 3 h.



Table 1
Crystal data and structure refinement of Ln(III) complexes.

Pr(III) complex Nd(III) complex

Empirical formula C52H58F2N16O28Pr2 C52H58F2N16O28Nd2

Formula weight 1674.96 1681.62
Temperature (K) 293(2) 293(2)
k (Å) 0.71073 0.71073
Crystal system, space

group
monoclinic, P2(1)/n monoclinic, P2(1)/n

Unit cell dimensions
a (Å) 8.161(2) 8.3040(17)
b (Å) 16.084(4) 16.492(3)
c (Å) 24.062(7) 24.626(5)
a (�) 90 90
b (�) 92.741(4) 92.68(3)
c (�) 90 90
V (Å3) 3154.7(15) 3368.9(12)
Z 2 2
Calculated density (g/

cm3)
1.763 1.658

Absorption coefficient
(mm�1)

1.633 1.624

F(000) 1684 1688
Crystal size (mm) 0.41 � 0.36 � 0.31 0.37 � 0.35 � 0.32
h Range for data

collection (�)
1.52–25.50 2.55–26.09

Index ranges �9 6 h 6 9 �10 6 h 6 9
�15 6 k 6 19 �17 6 k 6 19
�25 6 l 6 29 �28 6 l 6 29

Reflections collected/
unique

16037/5861 17260/6235

Refinement method full-matrix least-
squares on F2

full-matrix least-
squares on F2

Goodness-of-fit (GOF) on
F2

1.24 1.023

Final R indices [I > 2r(I)] R1 = 0.0488,
wR2 = 0.0569

R1 = 0.0323,
wR2 = 0.0741

R indices (all data) R1 = 0.1016,
wR2 = 0.0630

R1 = 0.0474,
wR2 = 0.0806

Largest diff. peak and
hole (eÅ�3)

1.068 and �1.050 0.87 and �0.50
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2.7.2. Nd(III) complex
According to the same method, Nd(III) complex were prepared

from equimolar amounts of Nd(NO3)3�6H2O and ligand. Yield 78%.
Anal. Calc. for C52H58F2N16O28Nd2: C, 37.13; H, 3.53; N, 13.24. Found:
C, 37.11; H, 3.45; N, 13.20%. IR vmax (cm�1): v(N–H): 3382, v(C@O):
1627, v(C@N): 1542, v(NO3): 1383. UV (Tris–HCl 5 mM, pH 7.2);
e = 3.60 � 104 (kmax = 304 nm).
2.8. X-ray crystallography

The single crystals of two water-soluble complexes were gained
in the methanol using diffusing method. Details of the crystal
parameters, data collection and refinements are listed in Table 1. A
yellow crystal of Pr(I) complex was determined on a BRUKER
SMART 1000 CCD diffractometer equipped with a graphite crystal
monochromatized Mo Ka radiation (k = 0.71073 Å) at 298(2) K.
The intensity data were collected by the x scan mode within
1.87� < h < 26.09� for hkl (�9 6 h 6 9, �15 6 k 6 19, �25 6 l 6 29)
in the monoclinic system. Data were collected at 298(2) K using
Mo Ka radiation (k = 0.71073 Å). A light yellow crystal of Nd(I)
complex was also measured. Data were collected at 298(2) K using
Mo Ka radiation (k = 0.71073 Å).The intensity data were collected
by the x scan mode within 2.55� < h < 26.09� for hkl (�10 6 h 6 9,
�17 6 k 6 19,�28 6 l 6 29) in the monoclinic system. The structure
was solved by direct methods. The positions of non-hydrogen atoms
were determined from successive Fourier syntheses. The hydrogen
atoms were placed in their geometrically calculated positions. The
positions and anisotropic thermal parameters of all non-hydrogen
atoms were refined on F2 by full-matrix least-squares techniques
with the SHELX-97 program package [27].
3. Results and discussion

The complexes are air-stable for extended periods and soluble
in DMSO, DMF and water; slightly soluble in ethanol or methanol;
insoluble in benzene or diethyl ether.

3.1. Infrared spectra

IR spectra usually provide a lot of valuable information on coor-
dination reactions. The IR spectra of the two complexes are very
similar. The v (N–H) appears at 3443 cm�1 for ligand, and this peak
shifts at 3384 cm�1 or so for complexes. The band at 1665 cm�1 in
the spectrum of ligand, related to the v(C@O) pyridine, shifts up to
1530–1527 cm�1 for Pr (I) complex and Nd(I) complex, and Dm
(ligand–complexes) is equal to 35 and 38 cm�1, respectively. The
band at 592 cm�1 or so for Ln(I) complexes is assigned to v(M–
O) [28]. These shifts demonstrate that the oxygen of carbonyl has
formed a coordinative bond with the rare earth ions. The band at
1610 cm�1 for the free ligand is assigned to the v(C@N) stretch,
which shifts to 1542 cm�1 or so for the complexes. Weak bands
at 430 cm�1 or so for Ln(I) complexes are assigned to v(M–N)
[29]. These results 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 1475 (vas) and 840
(vs) cm�1. The v3 (E0) free nitrates appear at 1385 cm�1 or so in
the spectra of the complexes. In addition, the separation of the
two highest frequency bands |v4 � v1| is approximately 160 cm�1,
which indicates the bidentate ligand feature of the coordinated
NO�3 in the complexes [30].

3.2. X-ray structural characterization

Ofloxacin complexes with Cu(II), Co(II), Ni(II), Mg(II), Zn(II) and
Ru(II) salts have been reported. From their X-ray crystal data, it
was found that, the metal ion is chelate bonded to the ofloxacin
in the complexes through ring carbonyl and one of the carboxylic
oxygen atoms [31–35]. In this work, we have prepared an ofloxacin
derivative with the hydrazone group. So the coordination with
ofloxacin in our complexes is different from that of the complexes
described above.

The coordination of the hydrazone with Ln(III) results in the for-
mation of a five membered (LnNNCO) and a six-membered
(LnNCCCO) chelating rings in which the lanthanide ion is nine-
coordinate. The Pr(III) complex and Nd(III) complex crystallized
in a monoclinic lattice with a space group P2(1)/n. ORTEP drawings
with the atom numbering scheme for [PrL(NO3)2(CH3OH)](NO3)
and [NdL(NO3)2(CH3OH)](NO3) are shown in Figs. 3 and 4. This
crystal structure of binuclear [PrL(NO3)2(CH3OH)](NO3) complex
with a 1:1 metal-to-ligand stoichiometry and nine-coordination
is similar to that of [NdL(NO3)2(CH3OH)](NO3). Ligand acts as a
monad tetradentate ligand, binding to Ln(III) through the pheno-
late oxygen atom, and the C@N group, O@C–NH– group of the ben-
zoylhydrazine side chain. In addition, one nitrate (bidentate) is
binding to the ligand-plane from one side to the metal ion, while
another nitrate and CH3OH are binding from the other. Dimeriza-
tion of this monomeric unit occurs through the quinolone oxygen
atoms.

In Pr(I) complex, five types of Ln–ligand interactions were
found. The Pr (1)–O (11) hydrazonic distance was 2.482(3) Å, while
the Pr (1)–O (12A) hydroxyl distances were found to be 2.261(3) Å.
The Pr–imine distances were found to be 2.648(4) Å, for Pr (1)–N
(4). The two bidentate nitrates were found to be 2.556(3) Å and



Fig. 3. The molecular structure and partially labeling of Pr(III) complex.

Fig. 5. Effects of increasing amounts of the investigated compounds on the relative
viscosity of CT DNA in 5 mmol Tris–HCl buffer solution (pH 7.20) containing
50 mmol NaCl at 25(±0.1) �C.
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2.553(4) Å for Pr (1)–O (5), Pr (1)–O (6) and 2.646(4) Å and
2.597(4) Å for Pr (1)–O (7) and Pr (1)–O (8). Finally, methanol
was found at 2.464(4) Å, Pr (1)–O (14). The Nd(I) complex also
has five types of Ln–ligand interatomic interactions. The Nd (1)–
O (11) hydrazonic distance was 2.519(3) Å, while the Nd (1)–O
(12A) hydroxyl distances were found to be 2.507(3) Å. The Nd–
imine distances were found to be 2.687(3) Å, for Nd (1)–N (4).
The two bidentate nitrates were found to be 2.595(3) Å and
2.587(3) Å for Nd (1)–O (5), Nd (1)–O (6) and 2.692(3) Å and
2.642(3) Å for Nd (1)–O (7) and Nd (1)–O (8). Finally, methanol
was found at 2.503(3) Å, Nd (1)–O (14). The Ln–O hydroxyl dis-
tance (2.261 Å Pr and 2.507 Å Nd) is significantly shorter than
the average hydrazonic Ln–O distance (2.482 Å Pr and 2.519 Å
Nd), which suggests that the hydroxyl bond is stronger than the
hydrazonic bond. This is in agreement with the IR spectral data.
3.3. DNA binding studies

3.3.1. Viscosity titration measurements
Measurements of DNA viscosity that is sensitive to DNA length

are regarded as the least ambiguous and the most critical tests of
binding in solution in the absence of crystallographic structural data
[36,37]. A classical intercalation mode demands that the DNA helix
must lengthen as base pairs are separated to accommodate the bind-
ing complexes, leading to the increase of DNA viscosity, as for the
behaviors of the known DNA intercalators [38]. In contrast, a partial
and/or non-classical intercalation of the complex could bend (or
kink) the DNA helix, reducing its viscosity concomitantly [39]. The
effects of all the compounds on the viscosity of CT DNA are shown
in Fig. 5. With the ratios of the investigated compounds to DNA in-
crease, the relative viscosities of DNA increase steadily, indicating
that there exist intercalations between ligand and rare earth metal
complexes with DNA helix. In addition, the relative viscosities of
DNA increase with the order of Pr(I) complex � Nd(I) com-
Fig. 4. The molecular structure and partially labeling of Nd(III) complex.
plex > ligand. These orders suggest the extents of the unwinding
and lengthening of DNA helix by compounds and the affinities of
compounds binding to DNA, which may be due to the larger coplanar
structures of rare earth metal complexes than those of ligand. Inter-
calation has been traditionally associated with molecules contain-
ing fused bi/tricyclic ring structures [40], so it is logical that all the
large coplanar Ln(I) complexes containing fused multiple cyclic
ring structures and the ligand containing fused tricyclic ring struc-
tures can bind to DNA through intercalations.
3.3.2. Electronic absorption titration
Electronic absorption spectroscopy is one of the most useful

techniques for DNA-binding studies of metal complexes. The
changes observed in the UV–Vis spectra upon titration may give
evidence of the existing interaction mode, since a hypochromism
due to p ? p⁄ stacking interactions may appear in the case of the
intercalative binding mode [41], while red-shift (bathochromism)
may be observed when the DNA duplex is stabilized [42].

Upon successive additions of CT DNA, the UV–Vis absorption
bands of ligand show two types of progressive hypochromism of
42.36% at 306 nm and 44.21% at 339 nm, respectively, with a 0,
2 nm red shifts of absorption bands in the region of 306–339 nm
(Fig. 6). Similarly, upon successive additions of CT DNA, the UV–
Vis absorption bands of Pr (I) complex and Nd (I) complex show
another progressive hypochromism of 85.01% at 303 nm and
86.94% at 304 nm, respectively. Absorption titration can monitor
the interaction of a compound with DNA. The obvious hypochro-
mism and red shift are usually characterized by the noncovalently
intercalative binding of compound to DNA helix, due to the strong
stacking interaction between the aromatic chromophore of the
compound and base pairs of DNA [43,44]. So the above phenomena
imply that the free ligand and Ln(I) complexes interact with CT
DNA quite probably by intercalating the compounds into the
DNA base pairs.

On the other hand, the magnitude of hypochromism is parallel
to the intercalative strength and the affinity of a compound bind-
ing to DNA [45]. The appreciable hypochromisms of ligand and
Ln(III) complexes intercalating to DNA present the order of Pr
(I) complex � Nd(I) complex > ligand, which are in good agree-
ment with the orders of viscosity titration results.

Kb is a useful tool to calculate the magnitude of the binding
strength of compounds with CT DNA and represents the binding
constant per DNA base pair the binding constant. Plots of [DNA]/



M. Xu et al. / Inorganica Chimica Acta 384 (2012) 324–332 329
(ea � ef) versus [DNA] are shown in Fig. 7 and binding constants Kb

collected and calculated from the good linear relationship are
listed in Table 2. The Kb values suggest a relatively moderate
binding of compounds to CT DNA. The Kb values of Ln(III) com-
plexes are higher than that of ligand (Kb = 1.55 � 104 M�1) suggest-
ing that ligand presents higher affinity to CT DNA, when it is
coordinated to Ln(III). The higher binding affinity of Ln(III) complex
is probably attributed to the extension of the p system of the inter-
calated ligand, which leads to a planar area greater than that of the
free ligand, so the coordinated ligand penetrates more deeply into
and stacks more strongly with DNA base pairs. As for Ln(III) com-
plexes, the Kb values of Pr(III) complex (Kb = 2.67 � 104 M�1) and
Nd(III) complex (Kb = 2.60 � 104 M�1) are approximately equal,
which show that the binding strength of Pr(III) complex is equiva-
lent to that of Nd(III) complex. The Kb values obtained here are as
Fig. 6. UV spectra of investigated compounds ([compound] = 1 � 10�5 M) (a)
ligand, (b) Pr(III) complex and (c) Nd(III) complex, in 5 mmol Tris–HCl buffer
solution (pH 7.20) containing 50 mmol NaCl in the presence of CT DNA at increasing
amounts. The arrows show the changes upon increasing amounts of CT DNA.

Fig. 7. Plots of [DNA]/(ea � ef) vs. [DNA] for the titration of the investigated
compounds. Tests were performed in the conditions of 5 mmol Tris–HCl buffer
containing 50 mmol NaCl at 298 K.
large as that reported for the other similar complexes whose bind-
ing constants have been found to be in the order of 104 M [46].

3.3.3. EB–DNA quenching assay
The DNA-binding modes of compound are further monitored by

fluorescent EB displacement assay. It is well known that EB can
emit intense fluorescence due to strong intercalation nonspecifi-
cally between DNA base pairs [47,48]. Competitive binding of other
drugs to DNA and EB will result in displacement of bound EB and
decrease in the fluorescence intensity. The fluorescence-based
competition technique can provide indirect evidence for the DNA
binding mode. The fluorescence emission intensity of DNA–EB sys-
tem decreased dramatically upon the increasing amounts of ligand
and Ln(III) complexes. The observed quenching of DNA–EB fluores-
cence for all the compounds suggests that they can displace EB
from the DNA–EB complex and can interact with CT DNA probably
by the intercalative mode [49]. Stern–Volmer equation was used to
determine the fluorescent quenching mechanism [50]. Quenching
data KSV is given by the ratio of the slope to the intercept in the
plots of F0/F versus [Q] (Fig. 8) and listed in Table 2. As shown,
the data of KSV are 5.36 � 103 M�1 for ligand, 1.65 � 104 M�1 for
Pr(III) complex and 1.34 � 104 M�1 for Nd(III) complex, accord-
ingly, the data of Kq calculated are 2.978 � 1013 M�1 s�1 for ligand,
9.167 � 1013 M�1 s�1 for Pr(III) complex and 7.444 � 1013 M�1 s�1

for Nd(III) complex, respectively, when the value of s0 is taken as
1.8 � 10-9 M�1 s�1 [45]. All of the current values of Kq for ligand
and Ln(III) complexes are much greater than that of Kq(max)

(2.0 � 1010 M�1 s�1), the maximum quenching rate constant of
bimolecular diffusion collision, which are indicative of static types
of quenching mechanisms arisen from the formations of dark com-
plexes between the fluorophores and quenching agents [51,52].
The data show that the interaction of the Ln(III) complexes with
DNA is stronger than that of the free ligand, which is consistent
with the viscosity titration and UV–Vis spectroscopy study results.
Since these changes indicate only one kind of quenching process, it
may be concluded that the Ln(III) complexes and free ligand bind
to DNA via the same mode (intercalation mode).

3.3.4. CD spectroscopy
CT DNA in the B conformation shows two conservative CD

bands, a positive band at 275 nm due to base stacking and a nega-
tive band at 245 nm due to right handed helicity [53]. These bands
are sensitive towards binding of any small molecule or drug and
hence can be exploited to investigate the binding of small mole-
cules to DNA [54].CD spectroscopy was used to probe the global



Table 2
Parameters of Kb, KSV, IC50 (OH� and O��2 ) for ligand and Ln(III) complexes.

Compound Kb (M�1) KSV (M�1) Kq (M�1 s�1) IC50 (lM) for HO� IC50 (lM) for O��2

ligand 1.55(±0.09) � 104 5.36(±0.28) � 103 2.978 � 1013 42.59 ± 2.53 45.82 ± 1.81
Pr(III) complex 2.67(±0.03) � 104 1.65(±0.04) � 104 9.167 � 1013 30.09 ± 2.46 24.41 ± 2.63
Nd(III) complex 2.60(±0.05) � 104 1.34(±0.05) � 104 7.444 � 1013 33.25 ± 1.86 29.52 ± 3.11

Fig. 8. Stern–Volmer plot of the fluorescence titration data of the investigated
compounds. Tests were performed in the conditions of 5 mmol Tris–HCl buffer
containing 50 mmol NaCl at 298 K. CDNA = 4 lM (nucleotides), CEB = 0.32 lM;
kex = 525 nm, kem = 587 nm.
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changes in the DNA conformation induced by the complexes. Sim-
ple groove binding and electrostatic interactions of small mole-
cules lead to no perturbation or marginal perturbations in these
two CD bands of B-DNA. On the other hand, the major feature of
CD spectra is the increase in the ellipticity for both bands of CT
DNA, which is an indication of a typical intercalation involving
p–p⁄ stacking and stabilization of the right-handed B form of CT
DNA [55,56]. Fig. 9 shows the CD spectra obtained as a function
of loading into CT DNA for Ln(III) complexes. There is not much
change in the position of two bands at 245 nm and 275 nm, only
the intensity of the bands increases upon addition of the com-
plexes. This indicates that both Ln(III) complexes might interact
with the DNA double strands by the intercalative mode between
the base pairs of DNA strands without any significant change in
the right handed helicity of CT DNA.
3.3.5. Cyclic voltammetry
The changes observed in the cyclic voltammogram of a small

molecule upon addition CT DNA can provide a useful complement
Fig. 9. Circular Dichroic spectra of CT DNA in the absence and presence of Ln(I)
complexes with [complex]/[DNA] = 0.5.
to spectroscopic methods for the molecule–DNA interaction [57]
since the electrochemical potential of the molecule will shift posi-
tively when the molecule intercalates into DNA double helix, and it
will shift into a negative direction, if the molecule is bound to DNA
by an electrostatic interaction [21,58]. Additionally, when more
potentials than one exist, a positive shift of Ep1 and a negative shift
of Ep2 imply that the molecule can bind to DNA by both intercala-
tion and electrostatic interaction [59]. No new redox peaks
appeared after the addition of CT DNA to each complex, but the
current of all the peaks decreased significantly, suggesting the
existence of an interaction between each complex and CT DNA.
The decrease in current can be explained in terms of an equilib-
rium mixture of free and DNA-bound complex to the electrode sur-
face [60].

The cyclic voltammograms of Ln(III) complexes in the absence
or presence of CT DNA showed that no new redox peaks appeared
after the addition of CT DNA to the complexes, but the current
intensity of the negative peaks decreased significantly (see sup-
porting information Fig. S1). The above phenomenon suggested
that the existence of the interaction between Ln(III) complexes
and CT DNA, and can be explained in terms of an equilibrium mix-
ture of free and DNA-bound complex to the electrode surface [59].
It can be observed (Fig. S1) that for increasing amounts of CT DNA,
the cathodic potential Epc shows a positive shift up to about
�894 mV (DEpc = +50 mV for Pr(III) complex and +12 mV for Nd(III)
complex) and the anodic potential Epa presents little shift. These
positive shifts of the potentials may suggest the existence of inter-
calation between complexes and CT DNA as the most possible
interaction mode [42,61]. The electrochemical parameters of Ln(III)
complexes in the absence and presence of 30 lM DNA are listed in
Table 3. The values of DEp > 212 mV reflect the redox processes of
the free and DNA-bound complexes to be less reversible [62].
3.4. Cleavage plasmid pBR322 DNA

Petra Drevensek and coworkers reported a new quinolone–Cu
complex that shows efficient DNA cleavage activity in the absence
and presence of peroxide [63]. Hence we were also interested to
assess the chemical nuclease activities of these two Ln(III) com-
plexes for DNA strand scission. In our research, pBR322 DNA was
incubated with the complexes under the reaction conditions and
the cleavage reaction can be monitored by gel electrophoresis.
3.4.1. Chemical nuclease activity
When circular pBR322 DNA is subjected to electrophoresis, rel-

atively fast migration will be observed for the intact supercoiled
form (Form I). If scission occurs on one strand (nicking), the super-
coiled form will relax to generate a slower-moving nicked form
(Form II). If both strands are cleaved, a linear form (Form III) that
migrates between Form I and Form II will be generated[64,65].

To assess the DNA cleavage ability of Ln(III) complexes, super-
coiled pBR322 DNA (20 lM) was incubated with 20–100 lM of
all complexes in TBE buffer for 13 h without the addition of a
reductant [66]. Control experiments show that the free ligand,
Pr(NO3)3�6H2O and Nd(NO3)3�6H2O are cleavage inactive (see sup-
porting information Fig. S2). The SC DNA (form I) was cleaved by
both Ln(III) complexes, especially when the concentrations of the



Table 3
CV data of Ln(III) complexes.

CV data

Epa (V) Epc (V) DEp (mV) E� (V) Ipa (lA) Ipc (lA) Ipc/Ipa

Pr(III) complex �0.583 �0.940 357 �0.811 0.36 3.83 10.70
Pr(III) complex–DNA �0.577 �0.890 313 �0.738 0.16 2.73 16.75
Nd(III) complex �0.676 �0.906 230 �0.791 0.50 4.54 9.08
Nd(III) complex–DNA �0.671 �0.894 240 �0.775 0.55 3.81 6.95
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two complexes are above 60 lM (see supporting information
Fig. S3). The results indicate that the DNA cleavage activity of
Ln(III) complexes is obviously complex concentration dependent.
At the concentration of 60 lM, Ln(III) complexes can almost pro-
mote the complete conversion of plasmid pBR 322 from Form I
to Form II (lane 4).

3.4.2. Mechanistic studies
The DNA cleavage activity of the complexes has been studied in

the presence of several additives to understand the mechanistic
pathway involved in the DNA cleavage reaction. From Fig. 10, we
can see that no obvious inhibitions are observed for the two Ln(III)
complexes in the presence of NaN3 (lane 3) and L-Histidine (lane 4),
the results rule out the possibility of DNA cleavage by the singlet
oxygen or a singlet oxygen-like entity. The addition of DMSO (lane
5), EtOH (lane6) partly diminishes the nuclease activity of the
Ln(III) complexes which is indicative of the involvement of hydro-
xyl radical in the cleavage process.

3.5. Antioxidation properties

Owning to the ligand and its Ln(III) complexes exhibit good
DNA binding affinity, it is considered worthwhile to study the anti-
oxidant activity of these compounds. Generation of reactive oxy-
gen species (ROS) is a normal process in the life of aerobic
organisms. It has been estimated that free radical-induced DNA
damage in humans is at biologically relevant levels, with approxi-
mately 104 DNA bases being oxidatively modified per cell per day.
Oxidative damage to DNA has been suggested to contribute to
aging and various diseases including cancer and chronic inflamma-
tion [67]. (O��2 ) and (HO�) are two clinically important reactive oxy-
gen species in the human body [29]. They are produced in most
organ systems and participate in various physiological and patho-
physiological processes such as carcinogenesis, aging, viral infec-
tion, inflammation, and others [68]. Consequently, in this paper,
the ligand and its Ln(I)complexes studied for their antioxidant
activity by comparing their scavenging effects on O��2 and HO�.

Fig. 11a shows the plots of hydroxyl radical scavenging effect (%) for
ligand and Ln(III) complexes, which are concentration-dependant. As
Fig. 10. Agarose gel showing cleavage of pBR322 DNA (0.1 lg/lL) incubated with
0.1 mM Pr(III) complex (a) and Nd(III) complex (b) for 5 h at 37 �C in a TBE buffer at
pH 8.3. Lane 1: DNA control; lane 2: DNA + Ln(III) complex; lane 3: DNA + Ln(III)
complex + 100 mM NaN3; lane 4: DNA + Ln(III) complex + 100 mM L-Histidine; lane
5: DNA + Ln(III) complex + 2lL DMSO; lane 6: DNA + Ln(III) complex + 2lL EtOH.
shown in Table 2. The average suppression ratio of the ligand is the
poorest in all the compounds and Pr (I) complex is the most effective
one, which indicate that because of the formation of coordination com-
pounds, the scavenger effect can be enhanced.Fig. 11b shows the plots
of superoxide radical scavenging effects (%) for ligand and Ln(III) com-
plexes, which are also concentration-dependant. The data of the sup-
pression ratio for O��2 are listed in Table 2. The average suppression
ratio of the free ligand for O��2 is the least in all compounds and Pr(III)
complex is the most effective one. The order of the suppression ratio
of the tested compounds for HO� and O��2 is Pr(III) complex > Nd(III)
complex > ligand.From Table 2, we can easily find that Ln(III) com-
plexes exhibit considerable scavenging activity due to the chelation
of organic molecules to the lanthanide ions. It is reported that the value
of IC50 of ascorbic acid (Vc), a standard agent for non-enzymatic reac-
tion, for HO� is 1.537 mgcm�3 (8.727 mmol), and the scavenging effect
of Vc for O��2 is only 25% at 1.75 mgcm�3 (9.94 mmol) in vitro [69]. So it
is pronounced that ligand and Ln(III) complexes investigated here are
less effective inhibitor than the other similar complexes [70], but have
Fig. 11. Plots of antioxidation properties for the investigated compounds. (a)
Represent the hydroxyl radical scavenging effect (%) for the investigated com-
pounds. (b) Represents the superoxide radical scavenging effect (%) for the
investigated compounds.
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much stronger scavenging abilities for HO� and O��2 than ascorbic acid
(Vc). Endowed with antioxidative properties, these DNA binders may
be effective inhibitors of the formation of a DNA/TBP complex topoi-
somerases [71–73].

4. Conclusions

Two new water-soluble Ln(I) complexes of acylhydrazone
ligand derived from ofloxacin were synthesized and characterized.
The DNA binding mode of Ln(III) complexes and ligand with CT
DNA were studied via spectra, CV and viscosity measurement.
The experiment results suggest that ligand and its Ln(III) com-
plexes bind to DNA via intercalation mode, and Ln(I) complexes
have higher binding ability than free ligand. We also find that both
Ln(III) complexes can effectively cleave plasmid DNA without addi-
tion of external agents. DNA cleavage mechanism studies show
that the Ln(III) complexes examined here may be capable of pro-
moting DNA cleavage through hydrolytic DNA damage pathways.
Moreover, Ln(I) complexes have better antioxidant activity than
pure ligand.
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