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In the search for new agents against Trypanosoma cruzi and cancer the effect of the nature of the metal
center and of the presence of a polypiridyl coligand on the antitrypanosomal and antitumoral activities
of selected N,N,O ligands [2-(benzothiazol-2-yl-hydrazonomethyl phenol (HL1) and 2-(benzothiazol-2-
yl-hydrazonomethyl)-6-methoxyphenol (HL2)] is explored. The new complexes [VVO2(L1)], [VVO2(L2)],
[VIVO(L1-H)(phen))] and [GaIII(L2)2](NO3) were synthesized and characterized by using different tech-
niques. The stability of the vanadium complexes in solution was investigated by EPR and 51V NMR spec-
troscopies and that of the gallium compound by UV–Vis spectroscopy, 1H NMR and conductivity
measurements. While the vanadium complexes show high stability in DMSO, the gallium complex shows
very good stability in DMSO and moderate stability in aqueous – DMSO medium.

The cytotoxicity on human tumor cell lines (ovarian A2780, breast MCF7 and prostate PC3 cell lines)
that show different sensitivity to cisplatin was evaluated. All the compounds evidenced antiproliferative
activity in the micromolar range. The highest cytotoxic activity, in molar units, is shown by [GaIII(L2)2](-
NO3) (IC50: 1.7 lM) and [VIVO(L1-H)(phen)] (IC50: 2.7 lM) against the ovarian cancer cells. With the
exception of [VVO2(L1)], the cytotoxic activity of the ligands and complexes is similar to that of cisplatin
in A2780 cells and surpass cisplatin in the other tumor cells. Regarding the activity on T. cruzi, [VIVO(L1-
H)(phen)] showed a 10-fold decrease of IC50 with respect to HL1 and an IC50 value (10.7 lM) in the same
order of that of the antitrypanosomal drug Nifurtimox (IC50: 6.0 lM). HL2 showed significant growth
inhibitory effect on the parasite (IC50: 23.5 lM) and its coordination to Ga(III) lead to a 2-fold increase
in activity in molar units (IC50: 14.2 lM). In order to explain the high inhibitory activity of [VIVO(L1-
H)(phen)] against the parasite and the tumor cells, the interaction of this compound with plasmid
DNA was preliminarily evaluated by AFM. The corresponding images suggest that DNA may be consid-
ered as a potential target.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cancer is the second largest cause of death in developed coun-
tries and the World Health Organization has predicted that the
number of worldwide deaths from cancer will rise to over 13.1 mil-
lion people in 2030 [1]. Although cisplatin and related Pt com-
plexes still remain the most extensively used anticancer drugs,
their high toxicity, incidence of resistance to treatment and lack
of response on some tumor types severely reduce their clinical va-
lue. Extensive research in the quest for anticancer drugs bearing
improved therapeutic indexes and wider activity spectra has led
to the development of novel metal-based compounds that show
interesting antitumor activities [2–8]. In particular, the antineo-
plastic activity of simple Ga(III) salts was discovered in the 1970s
and much work has been done since then to elucidate their mech-
anism of action. To prevent hydrolysis processes and to improve
cell membrane permeation and oral bioavailability, Ga(III) coordi-
nation compounds are currently being developed. So far, tris(8-
quinolato)gallium(III) and tris(maltolato)gallium(III) have entered
the clinical trial phases and are being evaluated as potential oral
antitumoral agents [9–14]. On the other hand, research efforts on
the medicinal chemistry of vanadium have also partially focused
on developing potential anticancer compounds. Hence, different
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vanadium compounds have shown interesting antitumoral proper-
ties [15–18].

American trypanosomiasis or Chagas disease (etiologic agent:
Trypanosoma cruzi) is endemic of Latin America where it affects
around 10 million people and causes more deaths than any other
parasitic disease. In recent years, globalization and immigration
have also led to the appearance of several infection cases in devel-
oped countries [19,20]. The treatment of Chagas disease is still
based on old and quite unspecific nitroheterocyclic drugs, nifurti-
mox and benznidazole, that have significant activity only in the
acute phase of the disease and give rise to severe side effects.
Therefore, the development of more efficacious and less toxic
drugs, that could also circumvent emerging drug resistance, is ur-
gently needed [21]. During the last decades, inorganic medicinal
chemists have demonstrated that the design of bioactive metal-
based compounds is a promising approach for the development
of new drugs against this disease [22–28].

In the search for new treatments against tropical diseases
caused by trypanosomatid parasites (T. cruzi, Trypanosoma brucei,
Leishmania spp) and against cancer, different series of oxidovanadi-
um(IV), dioxidovanadium(V) and gallium(III) compounds have
been developed by us as prospective anti-T. cruzi and/or anticancer
agents [23,30–34]. Highly-proliferative cells such as trypanoso-
matid parasites and tumor cells show metabolic similarities that
lead in many cases to a correlation between antitrypanosomal
and antitumor activities. For instance, some compounds that effi-
ciently interact with DNA also exert antitrypanosomal activity
[23,28,29]. Having this fact in mind, we explored both activities
for different series of metal compounds [30,35–39].

Coordination to metal ions may lead to important changes in
bioavailability and bioactivity of organic compounds that in turn
could promote desirable improvement in their overall biological
behavior. In fact, the biological behavior of metal-based com-
pounds is determined not only by the nature of the bioactive ligand
but also by the nature and oxidation state of the metal centre and
the electronic and physicochemical properties of the whole com-
plex that is highly dependent on the presence of coligands. The
modification of each of these features would allow the fine-tuning
of important biological properties.

To explore the effect of the nature of the metal center and of the
presence of certain coligands on the antitrypanosomal and antitu-
moral activities of selected N,N,O ligands, we currently synthesized
new dioxidovanadium(V), oxidovanadium(IV) and gallium(III)
complexes of the ligands shown in Fig. 1. The compounds were de-
signed, prepared and characterized in the solid state and in solu-
tion. The nature of the complexes in solution, as well as their
stability with time was investigated. The biological activity of the
compounds was explored by evaluating their cytotoxicity on three
human tumor cell lines that show different sensitivity to cisplatin
and their growth inhibitory effect on the epimastigote life cycle
form of T. cruzi. Furthermore, DNA was preliminarly evaluated as
a possible target by using atomic force microscopy (AFM) for one
of the most active compounds having a DNA intercalating ligand
in the oxidovanadium(IV) coordination sphere.
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Fig. 1. Selected N,N,O ligands: (a) 2-(benzothiazol-2-yl-hydrazonomethyl phenol
(HL1); (b) 2-(benzothiazol-2-yl-hydrazonomethyl)-6-methoxyphenol (HL2).
2. Experimental

2.1. Materials

All common laboratory chemicals were purchased from com-
mercial sources and used without further purification. The N,N,O
ligands HL1 and HL2 are Schiff bases synthesized by condensation
of the corresponding aldehyde and hydrazine in an equimolar mix-
ture as previously described [40–43].

HL1. 1H NMR: d = 12.20 (s, 1H), 10.40 (s br, 1H), 8.46 (s, 1H),
7.77 (d, 1H), 7.64 (d, 1H), 7.29 (m, 3H),7.12 (t, 1H), 6.93 (m, 2H)
ppm.

HL2. 1H NMR: d = 10.92 (s, 1H), 9.96 (s, 1H), 8.30 (s, 1H), 8.13 (d,
1H),7.65 (m, 1H), 7.22 (d, 2H), 7.07 (d, 1H), 6.95 (d, 1H), 6.78 (m,
1H), 6.77 (m, 1H), 3.80 (s, 3H) ppm.

2.2. Syntheses of the complexes

2.2.1. Synthesis of the dioxidovanadium(V) complexes, [VVO2(L)], 1–2
The new [VVO2(L)] complexes, where L = 2-(benzothiazol-2-yl-

hydrazonomethyl)phenolate (L1) or 2-(benzothiazol-2-yl-hydrazo-
nomethyl)-6-methoxyphenolate (L2), were prepared by mixing
[VIVO(acac)2] (0.188 mmol, 50 mg, acac = acetylacetonate) with
HL (0.188 mmol, 53 mg HL1, 46 mg HL2) in methanol (10 mL)
and then keeping the mixture for 20 h under reflux. In each case,
the greenish solid was isolated by centrifugation and washed with
two 2 mL portions of MeOH.

[VVO2(L1)], 1. Yield: 17 mg, 39%. Anal. (%) Calc. for C14H10N3O3-

SV: C, 47.87; H, 2.87; N, 11.96; S, 9.13. Found: C, 47.44; H, 2.89,
N, 11.90; S, 9.02. KM(DMSO): 8.0 Scm2mol�1. 1H NMR: d = 8.68
(s, 1H), 7.78 (m, 1H), 7.53 (d, 1H), 7.35 (d, 1H),7.28 (m, 2H), 7.03
(t, 1H), 6.80 (m, 2H) ppm.

[VVO2(L2)], 2 Yield: 51 mg, 84%. Anal. (%) Calc. for C13H12N3O4V:
C, 48.01; H, 3.72; N, 12.92. Found: C, 48.18; H, 3.67, N, 12.88. KM(-
DMSO): 7.0 Scm2 mol�1. 1H NMR: d = 8.57 (s, 1H), 8.18 (s, 1H), 7.69
(d, 1H), 7.22, 7.13, 7.01, 6.88, 6.79, 6.67 (m, 6H), 3.77 (s, 3H) ppm.

2.2.2. Synthesis of [VIVO(L1-H)(phen))], 3
[VIVO(L1-H)(phen)] was synthesized by the following proce-

dure: 0.375 mmol (91 mg) of HL1 and 0.375 mmol of phen
(74 mg) were suspended in 15 mL of ethanol previously purged
with nitrogen for 10 min. [VIVO(acac)2] (0.375 mmol, 100 mg)
was suspended in 5 mL of ethanol, previously purged with nitro-
gen, and was added to the previous mixture. This solution was then
refluxed under nitrogen for 24 h. The brown–red solid formed was
filtered off from the hot mixture, and then washed three times
with 2 mL portions of EtOH:Et2O (1:1).

[VIVO(L1-H)(phen)], 3. Yield: 80 mg, 41%. Anal. Calc. for C26H17-

N5O2SV: C, 60.70; H, 3.33; N, 13.61; S, 6.23. Found: C, 60.31; H,
3.53; N, 13.36; S, 6.10. ESI-MS (electrospray ionization mass spec-
tra, positive mode) (MeOH) m/z [Found (Calc.)]: 515.0 (514.05)
(90%) (VOphenL1+), 536.9 (537.04) (45%) (VOphenL1Na+), 552.9
(553.02) (20%) (VOphenL1K+). KM(DMSO): 5.0 Scm2 mol�1.

2.2.3. Synthesis of the [Ga(L2)2](NO3), 4
[GaIII(L2)2](NO3) was synthesized by reaction of 0.141 mmol

(57 mg) of Ga(NO3)3 8.15 H2O with 0.282 mmol (68 mg) of HL2,
each reactant previously dissolved in 2 and 8 mL of methanol,
respectively. The reaction mixture was stirred during 16 h at room
temperature. A yellow solid precipitated and was isolated by cen-
trifugation and washed twice with 1 mL portions of MeOH.

[GaIII(L2)2](NO3), 4. Yield: 42 mg, 48%. Anal. (%) Calc. for C26H24-

N7O7Ga: C, 50.68; H, 3.93; N, 15.91. Found: C, 50.82; H, 3.84; N,
15.65. KM(DMSO): 29.8 Scm2 mol�1. 1H NMR: d = 12.74 (s, 1H),
8.64 (s, 1H), 7.81 (m, 1H), 7.74 (d, 1H), 7.02 (m, 2H), 6.86 (m,
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2H), 6.62 (dd, 1H), 3.49 (s, 3H) ppm. kmax (buffer PBS pH 7.0-DMSO
50:50 v/v) (eM�1 cm�1): 459 (9.69 � 103), 440 (9.75 � 103), 334
(3.06 � 104), 250 (1.84 � 104) nm.

2.3. Physicochemical characterization

C, H, N and S analyses were carried out with a Carlo Erba Model
EA1108 elemental analyzer. Conductimetric measurements were
done at 25 �C in 10�3 M dimethylsulfoxide (DMSO) solutions using
a Conductivity Meter 4310 Jenway [44]. A 500-MS Varian Ion Trap
Mass Spectrometer was used to record the electrospray ionization
mass spectra (ESI-MS) of methanol solutions of the complexes in
the positive mode; the complexes were first dissolved in a mini-
mum amount of DMF and then diluted with MeOH. Each spectrum
was obtained as a combination of several scans for each sample.
The UV–Vis absorption spectra were measured with a Shimadzu
UV-1603 spectrophotometer. The FTIR absorption spectra (4000–
400 cm�1) of the complexes and the free ligands were measured
as KBr pellets with a Bomen FTIR model M102 instrument. 1H
NMR spectra of the free ligands and of the complexes were re-
corded on a Bruker DPX-400 instrument (at 400 MHz). Experi-
ments were carried out at 30 �C in DMSO-d6. COSY experiments
were performed with the same instrument.

51V NMR spectra of ca. 3 mM solutions of the complexes in
DMSO and DMF (p.a. grade) (5% D2O was added) were recorded
on a Bruker Avance III 400 MHz instrument immediately after dis-
solution, and after a week standing in aerobic conditions at room
temperature. 51V chemical shifts were referenced relative to neat
VVOCl3 as external standard. EPR spectra were recorded at 77 K
with a Bruker ESP 300E X-band spectrometer coupled to a Bruker
ER041 X-band frequency meter (9.45 GHz). The complexes were
dissolved at room temperature in DMSO or DMF (p.a. grade), pre-
viously degassed with N2 for 10 min, and the obtained solutions
were then frozen in liquid nitrogen. The spin Hamiltonian param-
eters were obtained by simulation of the spectra with the com-
puter program of Rockenbauer and Korecz [45].

2.4. Biological activity

2.4.1. Cell viability assays in human tumor cell lines
The ovarian A2780, breast MCF7 and prostate PC3 human car-

cinoma cell lines (ATCC) were cultured in media (Gibco) RPMI
1640 (A2780, PC3) or DMEM containing GlutaMax I (MCF7) sup-
plemented with 10% FBS and 1% antibiotics at 37 �C in a 5% CO2

humidified atmosphere (Heraeus, Germany). The cells were
adherent in monolayers and, when confluent, were dislodged by
a 0.05% trypsin–EDTA solution (Gibco). Cell viability was
evaluated by the colorimetric MTT assay, which measures the
reduction of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) to an insoluble, purple formazan product
by metabolically active cells [46]. For this purpose, cells were
seeded in 200 lL aliquots of complete RPMI or DMEM media into
96-well plates. The cell densities were 8 � 103 (A2780, PC3) and
1 � 104 (MCF7) viable cells per well chosen to ensure exponential
growth of untreated control samples throughout the experiment.
Cells were allowed to settle for 24 h followed by the addition of
dilution series of the test compounds in fresh medium (200 lL/
well). Compounds were first solubilized in DMSO and then in
medium, and added to final concentrations from 0.1 lM to
200 lM. The final concentration of DMSO in medium did not ex-
ceed 1%. For comparison the cytotoxicity of cisplatin (the refer-
ence positive control for the A2780 cells) was evaluated under
the same experimental conditions. In this way, cisplatin was first
solubilized in water and then added at the same concentration
range. Following continuous exposure to the compounds for
72 h, 37 �C/5% CO2 the medium was replaced by 200 lL MTT
solution (0.5 mg/mL PBS). After 3 h incubation, MTT solution
was discarded, and the formazan product formed by viable cells
was dissolved in DMSO (200 lL/ well). The cellular viability was
evaluated by measuring the absorbance at 570 nm using a plate
spectrophotometer (PowerWave Xs, Bio-tek Instruments, VT,
USA). Based on nonlinear regression analysis of dose vs. response
data (GRAPHPAD PRISM software), the cytotoxic effects of the com-
pounds were quantified calculating the drug concentration inhib-
iting tumor cell growth by 50% (IC50). Evaluation was based on at
least two independent experiments, each comprising eight repli-
cates per concentration [14].
2.4.2. In vitro anti-trypanosoma cruzi activity
T. cruzi epimastigotes of the Dm28c strain were maintained in

exponential growth at 28 �C in liver infusion tryptose (LIT) medium
complemented with 10% (v/v) fetal calf serum (FCS). The effect on
cell growth was analyzed incubating an initial concentration of
1 � 106 cells/mL with various concentrations of the compounds
for 5 days. Compounds were added as stock DMSO solutions imme-
diately after the preparation of these solutions. The percentage of
cell growth was followed by measuring the absorbance, A, of the
culture at 595 nm (A595) and calculated as follows:% = (Ap � A0p)/
(Ac � A0c)�100, where Ap = A595 of the culture containing the drug
at day 5; A0p = A595 of the culture containing the drug at day 0;
Ac = A595 of the culture in the absence of any drug (control) at
day 5; A0c = A595 in the absence of the drug at day 0. The results
are presented as averages ± SD (standard deviation). The final
DMSO concentration in the culture media never exceeded 0.4%
(v/v) and had no effect by itself on the proliferation of the parasites
[30]. Nifurtimox (Nfx) was used as the reference trypanosomicidal
drug. Dose–response curves were recorded and the IC50 values
(50% inhibitory concentration) were determined.
2.5. Atomic force microscopy (AFM) studies

To optimize the observation of the conformational changes in
the tertiary structure of pBR322 plasmid DNA, it was heated at
60 �C for 30 min to obtain a majority of open circular form. 15 ng
of pBR322 DNA were incubated in an appropriate volume with
the required compound concentration corresponding to the molar
ratio base pairs (bp):compound 5:1. Each VIVO-complex was dis-
solved in a minimal amount of DMSO, and (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffer (HEPES) pH 7.4 was then
added up to the required concentration. The different solutions
as well as Milli-Q� water were filtered with 0.2 lm FP030/3 filters
(Schleicher & Schuell GmbH, Germany). Incubations were carried
out at 37 �C for 24 h.

Samples were prepared by placing a drop of DNA solution or
DNA-compound solution onto mica (TED PELLA, INC. California,
USA). After adsorption for five minutes at room temperature, the
samples were rinsed for 10 s in a jet of deionised water
(18 MXcm�1 from a Milli-Q� water purification system) directed
onto the surface. The samples were blow dried with compressed
argon and then imaged by AFM.

The samples were imaged using a Nanoscope III Multimode
AFM (Digital Instrumentals Inc., Santa Barbara, CA) operating in
tapping mode in air at a scan rate of 1–3 Hz. The AFM probe was
125 mm-long monocrystalline silicon cantilever with integrated
conical shaped Si tips (Nanosensors GmbH Germany) with an aver-
age resonance frequency fo = 330 kHz and spring constant K = 50 N/
m. The cantilever was rectangular and the tip radius given by the
supplier was 10 nm, a cone angle of 35� and high aspect ratio.
The images were obtained at room temperature (T = 23 ± 2 �C)
and the relative humidity was usually lower than 40% [30].
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3. Results and discussion

Four complexes of vanadium or gallium with the selected NNO
ligands HL1 and HL2 (Fig. 1) were synthesized with good purity
and reasonable yields. All the vanadium compounds are non con-
ducting compounds in DMSO. The Ga(III) complex shows the molar
conductivity expected for a 1:1 electrolyte [44]. Analytical and spec-
troscopic results are in agreement with the formulations proposed
for the metal complexes: [VVO2(L)], [VIVO(L1-H)(phen)] and [GaIII

(L2)2](NO3). The proposed structural formulae are depicted in Fig. 2.

3.1. IR spectroscopic results

Some selected IR bands and their tentative assignments based
on previous calculations on related vanadium compounds are in-
cluded in Table 1 [47].

In the case of the [VVO2(L)] complexes, the shift of the m(C@N)
band and the bands of the heterocyclic portion of the ligands, to-
gether with the non-observation of the m(OH) vibration are in agree-
ment with tridentate coordination of L1 and L2 through the
heterocyclic nitrogen, the azomethine nitrogen (Nazomethine) and
the phenolic oxygen (Ophenolate), and with the deprotonation of the
ligands at the phenolic hydroxyl group. [VIVO(L1-H)(phen)] shows
a similar spectroscopic behavior, with confirmation of the deproto-
nation of the NH group by the non-observation of the NH stretching
band upon complexation. In this case, L1 acts as double deproto-
nated tridentate ligand. FTIR spectroscopic results confirmed the
presence of the phenanthroline ligand in the coordination sphere
of vanadium. Several bands corresponding to stretching and defor-
mation vibrations of the heterocyclic ligands were observed in the
1700–1300 cm�1 region. In general, most of these bands are slightly
displaced to higher frequencies upon coordination; such a feature is
a typical spectroscopic behavior for phenanthroline complexes
[31,48]. In addition, the [VVO2(L)] complexes show two bands
assigned to the symmetric and antisymmetric stretching that are
characteristic of the VOþ2 moiety. [VIVO(L1-H)(phen)] shows a char-
acteristic intense band at 962 cm�1 assigned to m(V@O). [Ga(L2)2]
(NO3) shows a similar spectroscopic behavior to that of [VVO2(L2)].
New bands due to the presence of the NO�3 are also observed.

3.2. 1H NMR results for the [VVO2(L)] complexes 1–2 and
[GaIII(L2)2](NO3),4

1H NMR spectroscopic data show narrow signals, typical of dia-
magnetic complexes. COSY experiments allowed the assignment of
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Fig. 2. Proposed molecular formulae for the new com
all 1H signals for the studied complexes. 1H NMR integrations and
signal multiplicities are in agreement with the proposed molecular
formulae. Complexation leads to shifts of the ligandś signals (Ta-
ble 2). The protons placed near the coordination site show the
highest signal displacements, due to the effect of the metal centre
(H6 and H7 for [VVO2(L1)] and H1, H5 and H6 for HL2 complexes).
The signal of the OH proton of the ligands (H10 for HL2 and H1

for HL1) is not observed in the 1H NMR spectra of [VVO2(L)] and
[GaIII(L2)2](NO3) complexes, in agreement with ligand deprotona-
tion upon coordination.

3.3. Stability studies for [GaIII(L2)2](NO3)

The stability of the complex in DMSO solution was studied by
conductivity measurements during at least one week. Conductivity
did not change during this period. In addition, liberation of free li-
gand was not detected by 1H-NMR in DMSO-d6 during at least 24 h
at 30 �C.

Moreover, the stability of a 4 � 10�5 M solution of the complex
in a solvent consisting of 50:50 v/v buffer PBS pH 7.0: DMSO was
studied by UV–Vis spectroscopy at RT during 5 days. For this pur-
pose the absorbance at both absorption bands of the complex
(namely 459 and 440 nm), which are not present in the free ligand
was followed in time. A moderate decrease of the absorbance was
observed: ca. 9% after 24 h, 13% after 48 h and 45% after 96 h.

The complex shows very good stability in DMSO and moderate
stability in aqueous – DMSO medium. Although we expect that the
ligand remains bound to the metal in a high percentage when
interacting with tumor and parasite cells, to assure or at least to
suggest the nature of the bioactive species in complex biological
medium additional studies, outside the scope of this work, would
be needed.

3.4. 51V NMR results for the [VVO2(L)] complexes 1–2

Solutions of both compounds were studied by 51V NMR spec-
troscopy. For this purpose, 3 mM solutions were prepared in
DMF and DMSO and kept at room temperature in contact with
air. NMR spectra were measured immediately after dissolution
and after a week. Results are depicted in Table 3. [VVO2(L2)] shows
very high stability in both solvents, since no changes were
observed over a week; a single resonance is present at ca.
�550 ppm in both solvents. The peak observed in DMSO is broader,
due to the higher viscosity of this solvent. [VVO2(L1)] is quite stable
in DMSO; however changes are observed in DMF. The initial
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plexes obtained from the ligands HL1 and HL2.



Table 1
Tentative assignment of selected IR bands (in cm�1) of the ligands and the complexes.

Compound m(VO2)s m(VO2)as m(VO) m(N@N) m(C@N) m(N–H) m(O–H)

L1 - - - 1150 1539 3037 3421
[VVO2(L1)], 1 917 973 - 1153 1547 3288 -
[VIVO(L1-H)(phen)], 3 - - 962 1153 1550 - -
L2 - - - 1148 1540 3187 3458
[VVO2(L2)], 2 895 946 - 1145 1552 3191 -
[Ga(L2)2](NO3), 4 - - - 1147 1549 3192 -

Table 2
1H NMR chemical shifts (d, ppm) of [VVO2(L)] and [GaIII(L2)2](NO3) complexes in
DMSO-d6 at 30 �C.

N
N

H1O
N

S

H11H10

H9

H8

H7 H6 H5

H4

H3

H2

H HL1 [VVO2(L1)]

1 12.20 -
2 6.93 6.80
3 7.12 7.28
4 6.93 6.80
5 7.29 7.35
6 8.46 8.68
7 10.35 not observed
8 7.64 7.53
9 7.29 7.03
10 7.29 7.28
11 7.77 7.78

N

N
N

O

O
CH3

H10

H5 H6 H7

H8

H9

H4

H3

H2

H1

H HL2 [VVO2(L2)] [Ga(L2)2](NO3)

1 8.13 7.69 7.74
2 6.77 6.88 7.02
3 7.65 7.22 7.81
4 7.07 6.67 6.86
5 9.96 8.57
6 8.30 8.18 8.64
7 7.22 7.13 7.02
8 6.78 6.79 6.62
9 6.95 7.01 6.86
10 10.92 - -
CH3 3.80 3.77 3.49

Table 3
51V NMR characterization of the vanadium complexes.

Complex Solvent d/ppm (t = 0) d/ppm (t = 1 week)

[VVO2(L1)] DMF �568 (90%) �568 (50%)a

�531 (10%)a �561 (45%)
�526 (5%)a

DMSO �564 (100%) �560 (100%)
[VVO2(L2)] DMF �552 (100%) �552 (100%)

DMSO �551 (100%) �550 (100%)
[VIVO(L1-H)(phen)] DMF �561 (100%)b �561 (100%)

DMSO �561 (100%)b �561 (100%)

a Broad peak.
b Very weak.
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spectrum shows the presence of two resonances, one of them
attributed to the [VVO2(L1)] complex (at �568 ppm) and a broad
one which may be due to oligomeric inorganic vanadates (at ca.
�532 ppm). After a week, besides the peak of the oligomer (weak-
er), two other resonances are present, one broad and the other thin,
ca. 50% each (see Fig. 3). The binding of a solvent molecule to the
VV-L1 compound, accompanied or not by protonation of one of
the Ooxido donors, may affect the peak positions significantly [47].
Thus, the new peak at �561 ppm may correspond to e.g. VVO2(-
L1)(DMF) or VVO(OH)(L1)(DMF), but we cannot give definite
assignments for it.

3.5. EPR characterization and 51V NMR results of the [VIVO(L1-
H)(phen)] complex, 3

The EPR spectrum of [VIVO(L1-H)(phen)] exhibits a hyperfine
pattern consistent with axial-type spectra of monomeric VIVO-
bound species with d1

xy ground-state configuration. Fig. 4 shows
the spectra (at 77 K) obtained with 3 mM solutions of the complex
in DMF and DMSO, immediately after dissolution and after one
week.

The spin Hamiltonian parameters were obtained by simulation
of the spectra and are approximately the same in both solvents:
gx,y = 1.982, gz = 1.955, Ax,y = 54.5 � 10�4 cm�1 and Az = 157.0 -
� 10�4 cm�1 [49,50]. Considering the similar Az values obtained
for the previously reported VIVO-semicarbazone phen complexes
[30] and [VIVO(L1-H)(phen)], a similar binding set is expected, i.e.
L1-H acting as a tridentate ligand, binding with the N,N,O donor
atoms in the equatorial plane and phen binding as a bidentate li-
gand through the two N donors, one N in the equatorial position
and the other trans to the oxo oxygen donor. This axial-equatorial
binding geometry is frequently found in [VIVO(L-tridentate)(NN)]
complexes, where NN is bipy, phen, dppz or similar heteroaromatic
ligands [51–54].

In addition, solutions of the compound in DMF and DMSO
(3 mM) were also studied by 51V NMR spectroscopy. The solutions
were kept at room temperature in contact with air and the spectra
Fig. 3. 51V NMR spectra of [VVO2(L1)] dissolved in DMF.



Fig. 4. 1st derivative EPR spectra of frozen solutions (77 K) of [VIVO(L1-H)(phen)] (ca. 3 mM) in DMF and DMSO, after dissolution and after one week under aerobic conditions.

44 I. Machado et al. / Inorganica Chimica Acta 420 (2014) 39–46
were measured immediately after dissolution and after a week. Re-
sults are shown in Table 2. Although the EPR data suggest that no
oxidation occurred (no variation is seen on the spectra intensity,
which were measured with the same acquisition parameters),
analysis of the solutions by 51V NMR showed that a very small
amount of the complex oxidized, since a peak is observed at ca.
�561 ppm. This initially very weak resonance in both solvents in-
creased its intensity considerably after a week. The chemical shift
is very similar to that observed for the [VVO2(L)] compounds, thus,
suggesting that the oxidation involves the loss of the phenanthro-
line moiety. All peaks are in the expected range for monomeric VV

complexes involving N,O ligands [47,55].
Thus, it can be concluded that [VIVO(L1-H)(phen)] shows very

good stability in both organic solvents. Although presenting some
oxidation after a week, the EPR characterization showed that most
of it is still in the +4 oxidation state.
Table 4
In vitro biological activities of the ligands and complexes: cytotoxic activity measured
as the half-inhibitory concentration (IC50) against A2780 (ovarian), MCF-7 (breast)
and PC-3 (grade IV prostate) adenocarcinoma cells and anti-T. cruzi activity measured
as the half growth inhibitory effect (IC50) on epimastigotes of the parasite.

Compound IC50 (lM)

A2780 MCF7 PC3 T. cruzi

HL1 5.2 ± 1.7 13.9 ± 3.5 5.5 ± 1.6 120.8 ± 5.7
[VVO2(L1)] 32.4 ± 14.0 39.0 ± 13.0 19.7 ± 4.0 107.0 ± 32.0
[VIVO(L1-H)(phen)] 2.6 ± 1.2 6.2 ± 1.8 13.3 ± 3.7 10.7 ± 5.7
HL2 3.0 ± 1.6 4.9 ± 0.6 9.4 ± 2.9 23.5 ± 0.8
[GaIII(L2)2](NO3) 1.7 ± 0.5 3.4 ± 0.8 9.3 ± 2.0 14.2 ± 5.1
[VVO2(L2)] 6.7 ± 1.3 18.2 ± 2.0 22.3 ± 6.7 45.1 ± 6.5
Cisplatin 2.5 ± 0.3 28.0 ± 6.0a 51.0 ± 7.0a -
Nifurtimox - - - 6.0 [30]

IC50 values are reported in lM (±SD). Cisplatin, the reference antitumor metallodrug
in clinical use, and Nifurtimox, the reference antitrypanosomal drug, were included
as positive controls.

a Taken from Refs. [56,57] obtained with the same experimental methodology
and included here for comparison.
3.6. Biological results

3.6.1. Cell viability assays in human tumor cell lines
The cytotoxic activity of the new ligands and the respective

complexes was evaluated in human cancer cells within the concen-
tration range 0.1–200 lM after 72 h incubation and using the col-
orimetric MTT assay to measure the viability of the cells. For this
purpose, three different human tumor cell lines were selected:
the ovarian A2780, breast MCF7 and prostate PC3 cells, taking into
consideration their different degrees of resistance to metallodrugs,
in particular to cisplatin, which was also included in this study for
comparison. A plot of the percentage of cell viability as a function
of the compound concentration allowed the determination of the
corresponding IC50 values.

All the tested compounds evidenced antiproliferative activity in
the micromolar range. However, in molar units the highest cyto-
toxic activity was observed with [GaIII(L2)2](NO3) (IC50, 1.7 lM)
and [VIVO(L1-H)(phen)] (IC50, 2.7 lM) against the ovarian cancer
cells (Table 4 and Fig. 5). The values found for HL1 and HL2 re-
vealed that these ligands are cytotoxic (Table 4). With the excep-
tion of [VVO2(L1)], the cytotoxic activity of the ligands and
complexes is similar to that of cisplatin in A2780 cells and surpass
cisplatin in the other tumor cell lines.

Coordination to metal ions can lead to important changes in
bioactivity. Indeed, the coordination of doubly deprotonated L1-H
generating the mixed-ligand complex [VIVO(L1-H)(phen)] and of
L2 to GaIII lead to an increase of activity on the A2780 and MCF7
cells.
3.6.2. In vitro anti-trypanosoma cruzi activity
The complexes were evaluated in vitro for their anti- T. cruzi

activities against epimastigotes of Dm28c strain. The results were
compared to that of the reference drug Nifurtimox (Table 4). The
precursors [VO(acac)2] and Ga(NO3)3 were not toxic against T. cruzi
(IC50 > 100 lM). HL1 was not active against the parasite while HL2
showed a low IC50 value, though higher than that of Nifurtimox.
Formation of [VVO2(L2)] decreased the activity of HL2. On the other
hand, coordination of HL1 to VOþ2 forming [VVO2(L1)] did not im-
prove the effect but the inclusion of the DNA-intercalating phenan-
throline ligand led to a very significant increase of activity. In fact,
[VIVO(L1-H)(phen)] showed a 10-fold decrease of IC50 with respect
to HL1 reaching an IC50 value of the same order of that of Nifurti-
mox. As previously reported for other series of [VIVO(L-H)(NN)]
compounds, where NN is a polypyridyl intercalating chelator, the
presence of this NN ligand could allow the interaction of the com-
plex with DNA, this biomolecule being a potential parasite target
[23,30–33]. In the current case, the presence of this coligand is



Fig. 5. (a) Dose–response curve for [GaIII(L2)2](NO)3 against A2780, MCF7 and PC3 cell lines; (b) Dose - response curve on T. cruzi epimastigotes (Dm28c strain) for HL2 and
[GaIII(L2)2](NO)3].

Fig. 6. AFM images showing the modifications suffered by pBR322 DNA (a) due to the interaction with [VIVO(L1-H)(phen]: (b) 4 h incubation at 37 �C and (c) 24 h incubation
at 37 �C, for molar ratio compound: DNA base pairs 1:5.
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determinant for the biological activity. On the other hand, HL2
showed significant growth inhibitory effect on the parasite. Its
coordination to Ga(III) lead to a 2-fold increase in activity in molar
units, but similar bioactivity if ligand molar units are considered
(Table 4 and Fig. 5).

It is interesting to note that both HL1 and HL2 are cytotoxic, but
their VV-complexes, although cytotoxic, are slightly less active.
This has been previously observed with other VV-complexes on
cancer cell lines and against T. cruzi [32]. Possibly binding to VV de-
creases the amount of ligand available to produce activity or re-
duces permeability of cell membranes with respect to the free
ligands. [VIVO(L1-H)(phen)] complex has proven to be quite stable
to hydrolysis and to oxidation of VIV, this and the presence of phen
being related to its bio-activity against cancer cell lines and T. cruzi.
In the case of [GaIII(L2)2]+, although it shows increased activity, sta-
bility results suggest that the observed effect could be due to the
presence in biological medium of both, the Ga complex and the
free ligand.

These results globally demonstrate that coordination to VIV may
lead to an improvement of the antitrypanosomal activity of the li-
gand or to the appearance of biological effects that are not ob-
served with the free ligand. The modification of activity depends
not only on the nature of the metal centre but also on its oxidation
state. The inclusion of suitable coligands may help in generating or
increasing the desired biological activity.
3.6.3. Atomic-force microscopy (AFM) results
AFM has proved to be a useful tool for imaging DNA and also

DNA interactions with metal complexes [58,59]. As previously
demonstrated for other series of [VIVO(L-H)(NN)] complexes, the
presence of the NN DNA intercalating coligand infers DNA as a
target either in the parasites or in tumor cells. In order to explain
the high growth inhibitory activity of [VIVO(L1-H)(phen)], the
interaction of this compound with DNA was preliminarily studied
by AFM using pBR322 plasmid as a model molecule. AFM images
are depicted in Fig. 6. The complex modified the tertiary structure
of the plasmid. This is visualized as changes in the DNA shape.
These observations thus indicate that the compound interacts with
DNA but more studies involving other techniques are needed to
clearly establish DNA as the main target to explain its cytotoxicity.
4. Conclusions

New vanadium and gallium complexes of NNO ligands HL1 and
HL2 were synthesized with high purity and good yields. The com-
pounds were fully characterized in the solid state and in solution
by using different techniques. The stability with time of the com-
pounds in solution was studied. Their anti- T. cruzi activities, as-
sessed on Dm28c epimastigotes, showed that the most potent
inhibitors were HL2, [GaIII(L2)2](NO3) and [VIVO(L1-H)(phen)].
Remarkably, these compounds present a considerably high cyto-
toxicity in the ovarian cancer cell lines, indicating a correlation be-
tween antitrypanosomal and antitumor activities.

Furthermore, although additional studies are required, this set
of results suggests that the tested ligands may be considered as
leading compounds for a new generation of antitrypanosomal
compounds also possessing anticancer properties.
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