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a b s t r a c t

Two new complexes ZnL2$2H2O (1) and CuL2$2H2O (2) (HL¼ 1-hydroxy-6-(2-(1-piperidinyl)ethoxy)x-
anthone) have been synthesized and characterized. Their interactions with calf thymus DNA (ct DNA)
were investigated by absorption spectroscopy, fluorescence spectroscopy, ethidium bromide (EB)
displacement experiments, circular dichroism spectroscopy and viscosity measurements. Experimental
results suggested that there were intercalative interactions of the complexes with DNA. The binding
affinity of complex 2 was higher than that of 1. In addition, the cytotoxic effects of both complexes were
evaluated with lung adenocarcinoma (GLC-82), esophagus squamous cancer (ECA109) and human gastric
cancer (SGC7901) cells using MTT assay. Both were potent exhibiting significant cytotoxicity in vitro.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Recently, increasing attention has been paid to xanthones that
are widely present as a class of secondary metabolites in some
higher plants and microorganisms [1–3]. These naturally occur-
ring compounds and their synthetic analogs have demonstrated
multiple pharmacological properties, such as anti-oxidant, anti-
inflammatory, anti-malarial and anti-cancer activities, etc. [4–9].
Xanthones may be viewed as flavone derivatives having three
linear aromatic rings in which the phenyl group is fused with
two aromatic rings, as shown in Fig. 1(a). The structural simi-
larity and biological efficacy of xanthones encouraged many
scientists to isolate or synthesize appropriately modified deriva-
tives for the development of prospective new drug candidates
[10–13].

Several experiments have demonstrated that DNA is one of the
intracellular targets of anti-cancer drugs that following their inter-
actions with DNA will inhibit division of cancerous cell, cause DNA
damage and result in cell death [14,15]. Previous studies have reported
that two or more phenolic hydroxyl groups are fundamental
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structural elements underlying the inhibitory activity of these
compounds via a mechanism that is so far unclear [16]. Therefore to
enhance the activity of these compounds, structural modification of
the phenolic hydroxyl group with different substituents is currently
attempted [17–19].

Up to date, only few systematic studies have reported the
interactions of xanthones and their derivatives with DNA, with
a structure–activity relationship that remains to be established.
Furthermore, the studies of the interactions of xanthone derivatives
with diverse metal ions have been initiated in an attempt to
examine the binding modes and possible synergetic effects. In this
context introducing a piperidinyl group at position 6 of the iso-
euxanthone may enhance the activity. We hereby describe in this
paper the synthesis and identification of the mononuclear Zn(II)
complex and Cu(II) complex with 1-hydroxy-6-(2-(1-piper-
idinyl)ethoxy)xanthone. We also have investigated the interactions
of these complexes with calf thymus DNA using absorption spec-
troscopy, fluorescence spectroscopy, ethidium bromide (EB)
displacement experiments, circular dichroism spectroscopy and
viscosity measurements. In addition we have evaluated their
cytotoxic effects against lung adenocarcinoma (GLC-82), esophagus
squamous cancer (ECA109) and human gastric cancer (SGC7901)
cells by MTT assay.
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Fig. 1. (a) The structure of xanthone. (b) The structure of isoeuxanthone.
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2. Results and discussion

2.1. Characterization of the complexes

2.1.1. Compositions and properties of the complexes
The results of elemental analyses, molar conductance, IR data,

1H NMR and UV–vis measurements suggest that the compositions
of the two metal complexes are ZnL2$2H2O (1) and CuL2$2H2O (2),
where HL is 1-hydroxy-6-(2-(1-piperidinyl)ethoxy)xanthone
(1-OH group deprotonated) and acts as a bidentate ligand binding
to Zn(II) ion and Cu(II) ion, respectively. The proposed structures of
the complexes are shown in Fig. 2. Both complexes are stable for
extended periods in air, soluble in DMF, DMSO, slightly soluble in
Me2CO, CHCl3, CH3OH and CH3CH2OH, but insoluble in benzene.
The molar conductance values suggest that both are non-electro-
lytes [20].

2.1.2. IR spectra
In the IR spectrum of the ligand [16], valance carbonyl group

vibrations n(C]O) coupled with the double band in the g-benzo-
pyrone ring appears at 1647 cm�1. The absorption bands situated at
1608,1574 and 1448 cm�1 are related to carbon vibration in benzene
and g-pyrone rings. However, the bands of n(C]O) in 1 and 2 shift to
1616 and 1609 cm�1, Dn (ligand� complex) are to 31 and 38 cm�1,
respectively. These shifts demonstrate that the group loses its
original characteristics and forms a coordinative bond with Zn(II)
ion or Cu(II) ion. Due to the influence of the coordination, the bands
assigned to g-pyrone rings in complex 1 exhibit at 1566 and
1455 cm�1 while that in complex 2 exhibit at 1564 and 1458 cm�1.
The bands observed at 3418 and 523 cm�1 are attributed to n(O–H)
and rw(O–H) of the coordinated water. The weak bands at 487 cm�1

and 484 cm�1 are assigned to n(M–O) [21].

2.1.3. 1H NMR spectra
1H NMR spectra of 1 was studied using DMSO-d6 as solvent.

Compared the 1H NMR of 1 with the ligand, the single peak
(d 12.75 ppm) assigned to the hydroxy proton (1-OH) of the free
ligand disappeared [16]. The change indicates that the oxygen of
the deprotonated hydroxy group in the ligand coordinates to Zn(II)
Fig. 2. The speculated structure of the complexes (M¼ Zn(II) ion, Cu(II) ion).
ion. In addition, the shifts of the hydrogen in the phenyl were
changed as a result of coordination.

2.1.4. UV spectra
The studies of electronic spectra for the complexes and the

ligand were carried out in CH3CH2OH. The electronic spectra of the
ligand show a strong band at 227 nm, a medium band at 298 nm
and a weak band at 353 nm. There are three bands at 229, 302 and
356 nm for the two complexes. These changes indicate that the
complexes are formed.

2.1.5. Stoichiometry studies
To establish the stoichiometry between Zn(II) ion and the ligand

in aqueous solution, continuous variation method was carried out
by UV–vis spectroscopy [22]. Whereas the total mole concentration
of Zn(II) ion and the ligand (L) was held constant (CZnþ CL¼
1.0�10�5 M), the mole fraction of Zn(II) ion varied from 0.0 to 1.0.
Fig. 3(a) shows a plot of absorption intensity variation with CZn/
(CZnþ CL), a maximal absorbance was obtained at a CZn/(CZnþ CL)
ratio of 1:3. Evidently, the stoichiometric composition of Zn(II) ion
and the ligand is 1:2 under the conditions [23]. Similarly, the
Fig. 3. (a) Plot of the complex formation of Zn(II) ion with ligand (L), monitored with
a UV–vis spectrophotometer. (b) Plot of the complex formation of Cu(II) ion with ligand
(L), monitored with a UV–vis spectrophotometer.
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stoichiometric ratio of Cu(II) ion and the ligand in complex 2 was
determined (Fig. 3(b)).

2.2. DNA-binding mode and affinity

2.2.1. Absorption spectra
Electronic absorption spectroscopy is universally employed to

examine the binding mode of DNA with metal complexes [24,25].
The absorption spectra of 1 and 2 in the absence and presence of ct
DNA are given in Fig. 4(a) and (b). In the absence of DNA, the
absorption spectra of 1 has a strong p–p* transition band at
229 nm, a medium n–p* transition band at 302 nm and a weak n–p*

transition band at 356 nm. Complex 2 has similar absorption peaks
to complex 1. Increasing DNA concentration, the absorption bands
of the two complexes show hypochromisms as well as slight red
shift. These phenomena indicate that the complexes probably
interact with ct DNA by intercalation mode, involving strong
Fig. 4. (a) UV–vis absorption spectra of complex 1 (10 mM) in the presence of
increasing amounts of ct DNA; [DNA]¼ 0, 5, 10, 15, 20, 25, 30 mM. The arrow indicates
the absorbance change upon increasing DNA concentration. The inset is plot of [DNA]/
(3b� 3f) vs [DNA] for the titration of DNA to complex 1. (b) UV–vis absorption spectra of
complex 2 (10 mM) in the presence of increasing amounts of ct DNA; [DNA]¼ 0, 5, 10,
15, 20, 25, 30 mM. The arrow indicates the absorbance changes upon increasing DNA
concentration. The inset is a plot of [DNA]/(3b� 3f) vs [DNA] for the titration of DNA to
complex 2.
p-stacking interactions between xanthone rings of the complexes
and DNA base pairs.

In order to study the binding ability of the compounds with DNA
quantitatively, the binding constant Kb was determined by Eq. (1)
[26],

�
DNA

���
3a � 3f

�
¼ ½DNA�=

�
3b � 3f

�
þ 1=Kb

�
3b � 3f

�
(1)

where [DNA] is the concentration of DNA in base pairs, 3a, 3f, and 3b

are the apparent extinction coefficient corresponding to Aobsd/[M],
the extinction coefficient for the free compound and the extinction
coefficient for the compound in the fully bound form, respectively.
In the plots of [DNA]/(3a� 3f) vs [DNA], Kb is given by the ratio of
slope to the intercept (Fig. 4, inset). The binding constants Kb for 1
and 2 were found to be 2.9�104 M�1 and 4.3�104 M�1, respec-
tively. The results indicate that the binding strength of 2 with DNA
is stronger than that of 1.

2.2.2. Fluorescence spectra
The binding mode of DNA with the two complexes was also

investigated using fluorescence spectroscopy. Fixed amounts
(10 mM) of the complexes were titrated with increasing amounts of ct
DNA. Emission spectra for 1 and 2 are shown in Fig. 5(a) and (b).
Enhanced fluorescence intensity was obtained with increasing DNA
concentration indicating a deep intercalation of the complexes with
DNA. The results are in agreement with other intercalators [27],
suggesting efficient protection of the two complexes from water by
the hydrophobic environment inside the DNA helix. This will restrict
the mobility of the complexes at the binding site and decrease their
vibrational modes of relaxation.
2.2.3. DNA–EB displacements
We further investigated the intercalation mode of the complexes

binding to DNA using the competitive binding displacement
experiment. EB is a conjugate planar molecule. Its fluorescence
intensity is very weak, but it increases greatly when EB intercalates
into the base pairs of double-stranded. When a second ligand which
could compete with EB for DNA-binding sites was added, EB is free
from DNA and the fluorescence quenching of DNA–EB system is
observed. Therefore EB can be used as a common fluorescent probe
for DNA structure and has been employed to investigate the mode
and the process of metal complex binding to DNA [28,29]. The
emission spectra of DNA–EB system upon the increasing amounts of
1 and 2 are shown in Fig. 6(a) and (b), respectively. The emission
intensity of DNA–EB system at 587 nm decreased apparently when
the concentration of the complexes increased and an isoactinic
point appeared at about 544 nm. The phenomena suggest that the
complexes can compete for DNA-binding sites with EB and displace
EB from the DNA–EB system [30], which is usually characteristic of
the intercalative interaction of compounds with DNA [31].

Interaction mode of compound binding to DNA can be deter-
mined according to the classical Stern–Volmer equation (2) [32,33]:

F0=F¼ 1þ Kq½Q � (2)

where F0 and F represent the emission intensity in the absence and
presence of quencher, respectively, Kq is a linear Stern–Volmer
quenching constant and [Q] is the quencher concentration. The
quenching plots illustrate that the quenching of EB bound to DNA
by the complexes is in good agreement with the linear Stern–
Volmer equation (Fig. 6(a) and (b), inset). In the plots of F0/F vs [Q],
Kq is given by the ratio of the slope to the intercept. The Kq value
for complex 1 is 2.4�104 M�1 while that for complex 2 is
4.0�104 M�1, which reveals that complex 2 has higher ability of
replacing EB from DNA–EB system and stronger binding affinity to



Fig. 6. (a) Fluorescence emission spectra of DNA–EB in the presence of 0, 5, 10, 15, 20,
25, 30 mM of 1. (lex¼ 346 nm, lem¼ 420–660 nm) [EB]¼ 2 mM, [DNA]¼ 30 mM. The
inset is Stern–Volmer quenching plots of the fluorescence titration, Kq¼ 2.4�104 M�1.
(b) Fluorescence emission spectra of DNA–EB in the presence of 0, 5, 10, 15, 20, 25,
30 mM of 2. (lex¼ 346 nm, lem¼ 420–660 nm) [EB]¼ 2 mM, [DNA]¼ 30 mM. The inset is
Stern–Volmer quenching plots of the fluorescence titration, Kq¼ 4.0� 104 M�1.

Fig. 5. (a) Fluorescence emission spectra of complex 1 (10 mM) in the presence of
increasing amounts of ct DNA. (lex¼ 346 nm, lem¼ 420–500 nm) [DNA]¼ 0, 2.5, 5, 7.5,
10, 12.5, 15 mM. The arrow indicates the emission intensity changes upon increasing
DNA concentration. (b) Fluorescence emission spectra of complex 2 (10 mM) in the
presence of increasing amounts of ct DNA. (lex¼ 323 nm, lem¼ 420–500 nm)
[DNA]¼ 0, 2.5, 5, 7.5, 10, 12.5, 15 mM. The arrow indicates the emission intensity
changes upon increasing DNA concentration.
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DNA than complex 1. The result is in consistent with the binding
constants determined by electronic absorption spectroscopy.

2.2.4. Circular dichroic spectral studies
Circular dichroic spectral techniques may give us useful infor-

mation on how the conformation of the DNA chain is influenced by
the bound complex. The CD spectrum of ct DNA consists of a positive
band at 275 nm due to base-stacking and a negative band at 245 nm
due to helicity, which is also characteristic of DNA in a right-handed
B form [34]. The changes in CD signals of DNA observed on inter-
action with drugs may often be assigned to the corresponding
changes in ct DNA structure [35]. Thus simple groove binding and
electrostatic interaction of DNA with small molecules show less or
no perturbation on the base-stacking and helicity bands, while
intercalation enhances the intensities of both the bands and stabi-
lizes the right-handed B conformation of ct DNA [36].

The CD spectra of ct DNA were monitored in the presence of 1 and
2, respectively. As shown in Fig. 7, on addition of 1 to ct DNA, the CD
spectra show intensity increase in the positive band and intensity
decrease in the negative band with slight red shifts. While addition of
2 to ct DNA, the CD spectra shows more evident changes both in
molar ellipticity and red shifts than 1 to ct DNA. These observations
are supportive of the intercalative modes of DNA-binding to the
complexes as reflected by the enhancement in the positive bands,
and the partial unwinding of DNA helix as reflected by the intensity
decrease in the negative bands [37,38]. These are similar to those
observed for [Ru(NH3)4(qdppz)]2þ [39] and [Co(NH3)6]3þ bound to
DNA of short lengths with 160 base pairs [40].

2.2.5. Viscosity measurements
Optical photophysical probes generally provide necessary, but

not sufficient clues to support binding mode. Hydrodynamic
measurements that are sensitive to length change (i.e., viscosity and
sedimentation) are regarded as the least ambiguous and the most



Fig. 7. CD Spectra of ct DNA (120 mM) in the absence and presence of 1 (40 mM) and 2
(40 mM).

Table 1
IC50 values for the cell growth inhibition.

Compound IC50 value (mM)

GLC-82 ECA109 SGC7901

1 22.08 >50 19.98
2 16.20 21.04 15.40
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critical tests of binding in solution in the absence of crystallographic
structural data. A classical intercalation model results in length-
ening the DNA helix as base pairs are separated to accommodate the
binding small molecules, leading to an increase of DNA viscosity. In
contrast, a partial and non-classical intercalation of small molecules
could bend or kink the DNA helix, reduce its effective length and,
concomitantly, its viscosity [27,41].

As a validation of the above verdict, viscosity measurements
were carried out. The effects of the two complexes on the viscosity
of DNA at 25.0 �C are shown in Fig. 8. It can be observed that the
viscosity of the DNA increases steadily with increasing amounts of
1 or 2. Such behavior is accordance with other intercalators, which
increases the relative specific viscosity for the lengthening of the
DNA double helix resulting from intercalation. These results indi-
cate that the two complexes can intercalate the adjacent DNA base
pairs, causing an extension in the helix, and thus increase the
viscosity of DNA. As shown in Fig. 8, complex 2 can intercalate more
deeply than complex 1. The results obtained from viscosity studies
also validate those obtained from the spectroscopic studies. On the
basis of all the spectroscopic studies together with the viscosity
Fig. 8. Effect of increasing amounts of 1 and 2 on the relative viscosity of ct DNA at
25 �C. [DNA]¼ 50 mM, [complex]¼ 1, 2, 3, 4, 5, 6 mM.
measurements, we draw the conclusion that complexes 1 and 2 can
bind to ct DNA in intercalative mode.

2.3. Pharmacology

2.3.1. Cytotoxic activities
Cytotoxicity of both complexes was investigated using MTT

assay. Three different human cancer cell lines, lung adenocarcinoma
(GLC-82) cell, esophagus squamous cancer (ECA109) cell and human
gastric cancer (SGC7901) cell, were selected for the tests. The cell
lines were treated with each complex at five grade concentrations
for 48 h. (The results were afforded by the School of Pharmaceutical,
Lanzhou University.) As shown in Figs. S1–S3 (see Supplementary
data), both complexes exerted cytotoxic effect inhibiting the growth
of all tested cell lines; the estimated IC50 are presented in Table 1. It is
observed that both complexes show strong cytotoxic activities in
vitro probably due to the complexes inducing DNA damage in cancer
cells [14,15] and the features of the metal ions [42,43]. It is also
observed that 2 shows more significant cytotoxic activities than 1
against the three human cancer cell lines, which is consistent with
the results of DNA-binding studies.

2.3.2. Stability of the complexes in aqueous medium
The stability studies of the complexes were carried out by

monitoring the electronic spectra of the complexes at 1�10�5 M in
phosphate buffer (pH¼ 7.4) at 37 �C during 48 h. No obvious changes
or isobestic point in electronic spectra was observed (shown in Figs.
S4 and S5, see Supplementary data), also the color of the solution
stayed colorless and clear over 48 h monitored, which illustrated
that the complexes were stable under these conditions [44,45].

3. Conclusions

The two new complexes ZnL2$2H2O (1) and CuL2$2H2O (2)
(HL¼ 1-hydroxy-6-(2-(1-piperidinyl)ethoxy)xanthone) have been
synthesized and characterized. Their DNA-binding properties have
been investigated by spectrophotometric methods and viscosity
measurements. The results suggest that both the complexes can
intercalate into the base pairs of DNA with strong binding affinities
because of the good planarity of the xanthone ring. Furthermore,
complex 2 shows stronger affinity than 1. In addition, they have
remarkable cytotoxic activities in vitro toward the GLC-82, ECA109
and SGC7901 cell lines. The present work may be helpful to the
research of the anti-cancer mechanism of xanthones and the design
of the new potent anti-cancer drugs.

4. Experimental

4.1. Chemistry

4.1.1. Materials and instruments
Isoeuxanthone (1,6-dihydroxyxanthone) and the ligand HL

(1-hydroxy-6-(2-(1-piperidinyl)ethoxy)xanthone) were prepared
according to the literature [16] with some improvement (shown
in Fig. S6, see Supplementary data). 1-(2-Chloroethyl)piperidin
hydrochloride was purchased from Alfa Aesar. The other chem-
icals were reagent grade and used without further purification.
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Calf thymus DNA (ct DNA) and ethidium bromide (EB) were
obtained from Sigma Chemical Co. All the measurements
involving the interactions of the two complexes 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. UV–vis spectrometer was employed to check
a solution of ct DNA purity (A260:A280>1.80) and the concen-
tration (3¼ 6600 M�1 cm�1 at 260 nm) in the buffer [46,47].

Elemental analyses were conducted using an Elementar Vario EL
elemental analyzer. The metal contents of the complexes were
determined by titration with ethylenediaminetetraacetic acid
(EDTA). Infrared spectra (4000–400 cm�1) were performed on
a satellite FTIR spectrometer (Thermo Mattson) with KBr as discs.
1H NMR spectra were recorded using a Varian Mercury Plus 400
spectrometer. Conductivity measurements were performed in DMF
with a DDS-11A conductor at room temperature. The UV–vis
absorption spectra were recorded using a Varian Cary 100 spec-
trophotometer and fluorescence emission spectra were recorded
using a Hitachi F-4500 spectrofluorophotometer.

4.1.2. DNA-binding measurements
Absorption and fluorescence titration experiments were per-

formed at a constant concentration of the complexes (10 mM) while
varying DNA concentration. The competitive binding experiments
were carried out by maintaining the EB and ct DNA concentration at
2 mM and 30 mM, respectively, while increasing the concentrations
of the complexes.

The CD spectra of DNA were recorded on a Jasco J-810 spec-
tropolarimeter at 25.0 �C. The concentration of ct DNA used was
120 mM and the complexes solutions were added to a ratio of 3:1
(DNA/complex). Each sample solution was scanned in the range of
220–450 nm. CD spectrum represented the average of three scans
with the buffer background subtracted.

Viscosity experiments were carried out on an Ubbelodhe
viscometer, immersed in a thermostated water-bath maintained at
25.0 �C. Titrations were performed for the Zn(II) and Cu(II)
complexes (1–6 mM), and each complex was introduced into DNA
solution (50 mM) present in the viscometer. Flow time was
measured with a digital stopwatch and each sample was measured
three times and an average flow time was calculated. Data were
presented as (h/h0)1/3 vs the ratio of the concentration of the
complex to DNA, where h is the viscosity of DNA in the presence of
complex, and h0 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), h¼ t� t0 [48,49].

4.1.3. Preparation of the complexes
ZnL2$2H2O (1). The ligand (HL) (135.6 mg, 0.4 mmol) was dis-

solved in 20 ml ethanol at 90 �C, and then solid NaOH (16 mg,
0.4 mmol) was added. After 0.5 h, Zn(OAc)2$2H2O (43.9 mg,
0.2 mmol) dissolved in 2 ml ethanol was added dropwise to the
above solution. The mixture was refluxed, while stirring, for 8 h
following which the yellow precipitate was collected, washed
several times with ethanol–water (1:1) solution, dried in vacuo for
48 h. Yield: 106.2 mg (62%). Elemental Anal. Calcd for
C40H44N2O10Zn: C, 61.74; H, 5.70; N, 3.60%. Found: C, 61.26;
H, 5.60; N, 3.43%. IR nmax (cm�1): n(–OH): 3427.2, n(–CH2–):
2960–2850, n(–NCH2–): 2803.5, n(C]O): 1616.3, n(C]C): 1455.1,
n(Ar–O): 1257.0, n(C–O–C): 1178.2, n(Ar–H): 767.0, rw(O–H): 522.0,
n(M–O): 486.5. 1H NMR (400 MHz, DMSO-d6, 25 �C) d (ppm): 8.04
(1H, d, Ar–H), 7.67 (1H, t, Ar–H), 7.16 (1H, dd, Ar–H), 7.07–7.04
(2H, m, Ar–H), 7.01 (1H, d, Ar–H), 4.23 (2H, t, –O–CH2–), 2.67 (2H,
t, –CH2–N–), 2.47 (4H, t, –N(CH2)2–), 1.48–1.44 (4H, m, –CH2–),
1.43–1.34 (2H, m, –CH2–). LM (S cm2 mol�1): 5.4. lmax (nm)
(CH3CH2OH): 229, 302, 356.
CuL2$2H2O (2). The synthesis of 2 is identical to the synthesis of
1. A yellow-green solid was collected. Yield: 125.6 mg (70%).
Elemental Anal. Calcd for C40H44N2O10Cu: C, 61.88; H, 5.71; N,
3.61%; Found: C, 61.49; H, 5.8; N, 3.41%. IR nmax (cm�1): n(–OH):
3419.9, n(–CH2–): 2960–2850, n(–NCH2–): 2803.0, n(C]O): 1609.2,
n(C]C): 1458.0, n(Ar–O): 1258.7, n(C–O–C): 1184.5, n(Ar–H) 769.6,
rw(O–H): 523.1, n(M–O): 483.7 cm�1. LM (S cm2 mol�1): 6.8. lmax

(nm) (CH3CH2OH): 229, 302, 356.

4.2. Pharmacology

4.2.1. Cell culture maintenance and drug solutions
Three different human cancer cell lines, lung adenocarcinoma

(GLC-82), esophagus squamous cancer (ECA109) and human gastric
cancer (SGC7901) cells were purchased from Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences. The cytotox-
icity assay was carried out in the three cell lines. Cells were cultured
on RPMI-1640 medium supplemented with heat-inactivated fetal
bovine serum (10%), penicillin (100 U/ml) and streptomycin
(100 mg/ml) in 25 cm2 culture flasks at 37 �C in a humidified
atmosphere with 5% CO2 and 95% air. In order to maintain the cells
in log phase cellular suspension aliquots were refed with fresh
RPMI-1640 medium two or three times per week.

Stock solutions of the two complexes were freshly prepared in
DMSO and then diluted with the culture medium; less than 1% of
DMSO was available at the final dilutions obtained.

4.2.2. Cytotoxic assay
The MTT assay was carried out as previously described [50] with

minor modifications [51]. All cells to be tested in the following
assays had a passage number of 3–6. For the drug treatment
experiments, the cancer cells were harvested from the culture
during the exponential growth phase and seeded into multiwell
culture plates at 5�104 cells/ml in fresh medium. Following 24 h
incubation at 37 �C, the cells were treated with the complexes at
selected concentrations ranging from 4 to 64 mM for a period of
48 h. At the end of the drug treatment period, 10 ml of MTT solution
(5 mg/ml) was added directly to all the appropriate wells and then
the culture was incubated for 4 h. Thereafter the formazan crystal
formed in the well was solubilized with DMSO and 100 ml of SDS
(10%) was added to the system. After the plates were incubated
overnight, the optical density was read on microplate spectro-
photometer at 570 nm. Every test was run in triplicate. The relative
inhibitory rate of cell growth by drugs was calculated by the
formula: R¼ (ODcontrol�ODtest)/ODcontrol� 100%, where R is the
inhibitory rate of cell growth, ODtest is the absorbance value of cells
in the presence of drugs and ODcontrol is the absorbance value of
control cells without any drug treatment.

4.2.3. Stability studies of the complexes
The two complexes were first dissolved in a minimum amount

of DMSO (less than 1% of the final volume), and then diluted with
phosphate buffer (pH 7.4). They were kept at 37 �C for 48 h. The
stability studies were carried out by monitoring the electronic
spectra of the resulting mixtures over 48 h.
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