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Abstract
To face the high costs of developing new drugs, researchers in both industry and academy are looking for ways to repurpose 
old drugs for new uses. In this sense, bisphosphonates that are clinically used for bone diseases have been studied as agents 
against Trypanosoma cruzi, causative parasite of Chagas disease. In this work, the development of first row transition metal 
complexes (M = Co2+,  Mn2+,  Ni2+) with the bisphosphonate ibandronate (iba,  H4iba representing the neutral form) is pre-
sented. The in-solution behavior of the systems containing iba and the selected 3d metal ions was studied by potentiometry. 
Mononuclear complexes [M(Hxiba)](2−x)− (x = 0–3) and [M(Hiba)2]4− together with the formation of the neutral polynu-
clear species  [M2iba] and  [M3(Hiba)2] were detected for all studied systems. In the solid state, complexes of the formula 
 [M3(Hiba)2(H2O)4]·6H2O were obtained and characterized. All obtained complexes, forming [M(Hiba)]− species under the 
conditions of the biological studies, were more active against the amastigote form of T. cruzi than the free iba, showing no 
toxicity in mammalian Vero cells. In addition, the same complexes were selective inhibitors of the parasitic farnesyl diphos-
phate synthase (FPPS) enzyme showing poor inhibition of the human one. However, the increase of the anti-T. cruzi activity 
upon coordination could not be explained neither through the inhibition of TcFPPS nor through the inhibition of TcSPPS 
(T. cruzi solanesyl-diphosphate synthase). The ability of the obtained metal complexes of catalyzing the generation of free 
radical species in the parasite could explain the observed anti-T. cruzi activity.
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Introduction

Ibandronate (3-(N-methyl-N´-penthyl)-amino-1-
hydroxypropane-1,1-diphosphonic acid,  H4iba) belongs to 
the group of nitrogen-containing bisphosphonates (NBP). 
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In these pyrophosphate analogs, the oxygen bridge between 
the two phosphorus atoms has been replaced by a carbon 
substituted with various side chains, one of which contains 
a nitrogen atom (Fig. 1). NBPs are well-established drugs 
for the prevention and treatment of diseases associated with 
excessive bone resorption, including Paget’s disease of bone, 
myeloma, bone metastases, and osteoporosis [1–3].

In addition, a number of bisphosphonate derivatives, 
including ibandronate and many other NBPs, were found 
to be potent inhibitors of Trypanosoma cruzi (T. cruzi) pro-
liferation [4, 5]. T. cruzi is a protozoan parasite causative 
of American trypanosomiasis (Chagas disease). This illness 
used to be confined to the Americas, but over the last two 
decades it has spread to other continents mainly because of 
enhanced means of travel and global population movement 
to and from Latin America. It is estimated that over 10,000 
people die every year from clinical manifestations of Chagas 
disease, and more than 25 million people are under risk of 
acquiring it [6]. None of the available drugs for the treat-
ment of Chagas disease is satisfactory and new drugs are 
urgently required. To face the high costs of developing new 
drugs, one of the approaches used is the repositioning of 
compounds that were previously developed for an alternative 
use as new anti-trypanosomatid therapies [7]. Because most 
repositioned drugs have already passed the early phases of 
development and clinical testing, they can potentially win 
approval in less than half the time and at one-quarter of 
the cost [8, 9]. Based on this approach, commercial NBPs 
are tested against different parasites, including T. cruzi. The 
selection of NBPs as potential antichagasics is also sup-
ported by two main facts. On the one hand, one of the main 
targets of NBPs is farnesyl diphosphate synthase (FPPS) 
enzyme. FPPS is a key enzyme of the mevalonate pathway 
and catalyzes two mandatory biosynthetic steps to form 
farnesyl pyrophosphate, which is required for the posttrans-
lational prenylation of small binding proteins (among other 
processes) within both osteoclasts and T. cruzi [10–12]. In 
addition, as acidocalcisomes present in these parasites are 
equivalent in composition to the bone mineral, accumulation 
of NBPs into these organelles would facilitate their antipara-
sitic action [13, 14].

On the other hand, our group had previously developed 
metal complexes with the NBPs risedronate, alendronate and 
pamidronate as ligands [15, 16]. Results showed that the 
coordination of these bisphosphonates to different first row 
transition metal ions improved their antiproliferative effect 
against T. cruzi exhibiting  IC50 values against the intracel-
lular amastigote form of the parasite in the low micromolar 
levels with little toxicity on mammalian Vero cells. For these 
compounds, the increase of the activity and the low toxicity 
were correlated to a high and selective inhibition of T. cruzi 
farnesyl diphosphate synthase enzyme [15, 16].

Based on these promising results, we expanded our 
investigations to ibandronate (iba), another bioactive NBP. 
In this work, we present the synthesis and characterization 
of three new ibandronate metal complexes of the formula 
 [M3(Hiba)2(H2O)4]·6H2O with M  =  Co2+,  Mn2+,  Ni2+. 
Besides, the interaction of these 3d metal ions with iba was 
also studied in solution to predict the predominant species 
present under the conditions of the biological studies. This 
approach allowed us to shed light on the potentially active 
species in the studied systems. The in vitro antiproliferative 
effect on T. cruzi amastigotes and their ability to inhibit both 
Trypanosoma cruzi and human FPPS (TcFPPS and HsFPPS) 
as well as TcSPPS (T. cruzi solanesyl-diphosphate synthase) 
were evaluated [17]. Finally, the ability of the new com-
plexes of catalyzing the production of free radical species 
in T. cruzi was assessed.

Materials and methods

Materials

All common laboratory chemicals were purchased from 
commercial sources and were used without further purifi-
cation. Sodium ibandronate monohydrate  (NaH3iba·H2O) 
was obtained from Urufarma, Uruguay, including the cor-
responding certificate of analysis.

Syntheses of  [M3(Hiba)2(H2O)4]·6H2O with M = Co2+, 
 Mn2+,  Ni2+

NaH3iba·H2O (50 mg, 0.14 mmol) was dissolved in 5 mL 
of water and the solution’s pH value was adjusted to 5–6 
by addition of NaOH solution. The corresponding amount 
(0.07 mmol) of  MCl2·xH2O (with M = Mn, Co, Ni and 
x = 4, 6, 6, respectively) was added. A change in the visible 
spectra was immediately observed. The obtained solution 
was heated to 60–70 °C for 20 min. After heating, a micro-
crystalline solid was filtered off. Alternatively, the same 
microcrystalline product complex can be isolated at room 
temperature after 2–3 days.

P

P

O
OH

OH

O
OH

OH

N

OH

P

P

O
OH

OH

O
OH

OH

R1

R2

(a) (b)

Fig. 1  a General structure of bisphosphonates; b ibandronate (acid 
form,  H4iba)
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[Mn3(Hiba)2(H2O)4]·6H2O, Mniba (yield: 20 mg, 88%) 
was obtained as a light pink microcrystalline solid. Elemen-
tal analysis: found (%): C, 22.08; H, 6.12; N, 2.72; calc. for 
 C18H60N2O24P4Mn3: C, 22.12; H, 6.19; N, 2.87. Thermal 
analysis: 18.9% weight loss corresponding to the elimination 
of water, compared with a calculated value of 18.4%.

[Co3(Hiba)2(H2O)4]·6H2O, Coiba (yield: 21 mg, 91%) 
was obtained as a pink microcrystalline solid. Elemental 
analysis: found (%): C, 21.87; H, 6.06; N, 2.76. Calc. for 
 C18H60N2O24P4Co3: C, 21.86; H, 6.11; N, 2.83. Thermal 
analysis: 18.8% weight loss corresponding to the elimina-
tion of water, compared with a calculated value of 18.2%.

[Ni3(Hiba)2(H2O)4]·6H2O, Niiba (yield: 15 mg, 65%) 
was obtained as a green microcrystalline solid. Elemental 
analysis: found (%): C, 21.76; H, 6.09; N, 2.71. Calc. for 
 C18H60N2O24P4Ni3: C, 21.87; H, 6.12; N, 2.83. Thermal 
analysis: 18.2% weight loss corresponding to the elimina-
tion of water, compared with a calculated value of 18.2%.

Physicochemical characterization

C, H and N analyses were carried out with a Thermo Scien-
tific Flash 2000 elemental analyzer. Metal ion content was 
evaluated by the conventional complexometric technique 
with EDTA in ammonia buffer solution [18]. UV–Vis spec-
tra were recorded in a Shimadzu 1603 spectrophotometer. 
The FTIR absorption spectra (4000–400 cm−1) of the com-
plexes and free ligands were measured as KBr pellets with 
a Shimadzu IR Prestige-21 instrument. Thermogravimetric 
measurements (TGA) were done on a Shimadzu TGA 50 
thermobalance, with a platinum cell, working under flowing 
nitrogen (50 mL min−1) and at a heating rate of 0.5 °C min−1 
(RT–80 °C range) and 1.0 °C min−1 (80–350 °C range).

Potentiometric titrations

Materials

For potentiometric studies,  MnCl2·4H2O from Merck, 
 CoCl2·6H2O from Carlo Erba and  NiCl2·6H2O from Merck 
were used as metal cation sources. All solutions were stand-
ardized according to the usual procedure [18]. The standard 
HCl and NaOH solutions were prepared by diluting Merck 
standard ampoules. Acid and base stock solutions were 
standardized against sodium carbonate and potassium hydro-
gen phthalate, respectively. All the solutions were prepared 
with analytical grade water (18 μS cm−1) and freed of carbon 
dioxide by bubbling with Ar(g).

Equilibrium studies

The protonation constants of iba were determined through 
three potentiometric titrations (ca. 150 experimental points 
each), in the concentration range 1–3  mM. Then, the 
behavior of the ligand in the presence of M(II) (M = Mn, 
Co or Ni) was analyzed through four potentiometric titra-
tions (ca. 100 experimental points each) for each system, 
at ligand concentrations ranging from 1 to 3 mM, and 
metal cation to ligand total molar ratios varying from 2:1 
to 1:3. A broad pH interval was covered for each titration. 
Data were collected from ca. 1.5 to 11 pH values. Not-
withstanding, data in the 2–10 pH interval were enough to 
assure detectable proportions of all species.

In each potentiometric experiment, the solutions were 
poured into a 50-mL titration cell. After thermal equi-
librium was reached, hydrogen ion concentrations were 
determined by successive readings, each performed after a 
small incremental addition of standard 0.1 M NaOH solu-
tion. The titrant addition and e.m.f. measurements were 
carried out using an automatic titrator Mettler–Toledo 
DL50-Graphix. The ionic strength was kept almost con-
stant throughout the titrations using solutions containing 
0.50 M  Me4NCl and relatively low initial concentrations of 
metal ions and iba (the sum of these reactants’ initial con-
centrations did not contribute more than 2% on the total 
ionic strength). Pre-saturated argon (free of  CO2) was bub-
bled through the solutions during titrations to eliminate the 
effect of atmospheric carbon dioxide, and the temperature 
was kept at 25.0 (± 0.1) °C. Equilibrium attainment after 
each titrant addition was verified by controlling the devia-
tion of successive e.m.f. readings.

Independent stock solutions were used in some titra-
tions to check reproducibility. The cell electrode poten-
tial E° and the acidic junction potential were determined 
according to Ref. [19] from independent titrations of the 
stock HCl solution with NaOH stock solution. In this way, 
the pH scale was the free hydrogen concentration scale. 
The calibration in the alkaline range was checked by recal-
culating Kw values for each system. The values obtained 
(average  log10 Kw = 13.78) were always checked to assure 
they were in line with reported data under the same experi-
mental conditions [20].

Data were analyzed using the HYPERQUAD program 
[21], and species distribution diagrams were produced 
using the HySS program [22]. The fit of the values pre-
dicted by the model to the experimental data was esti-
mated on the basis of the σ parameter, corresponding to 
the scaled sum of squared differences between predicted 
and experimental values. Final models were selected on 
the basis of the σ parameter, the model confidence level 
estimator Chi square, and the internal consistency of data 
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reflected in standard deviations of the formation constants 
[21].

Biological studies

Drug screening assays in Vero cells and T. cruzi intracellular 
amastigotes

Gamma-irradiated (2000 Rads) Vero cells (3.4 × 104 cells/
well) were seeded in 96 well plates (black, clear bottom 
plates from Greiner Bio-One) in 100 μL RPMI (Roswell 
Park Memorial Institute from Sigma) with 10% FBS (Fetal 
Bovine Serum). Gamma irradiation was performed to 
prevent host cell division and detachment of the culture. 
Plates were incubated overnight at 35  °C and 7%  CO2. 
After overnight incubation, Vero cells were challenged with 
3.4 × 105 trypomastigotes/well (CL strain overexpressing 
a tdTomato red fluorescent protein) [23] in 50 μL volume 
and incubated for 5 h at 35 °C and 7%  CO2. After infec-
tion, wells were washed once with Hanks solution (150 μL/
well) to eliminate any extracellular parasites and tested com-
pounds were immediately added in serial dilutions in RPMI 
media in 150 μL volumes and left for the whole period of 
the experiment. Each dilution was tested in quadruplicate. 
Each plate also contained controls with host cells and no 
parasites (for background check), controls with two repre-
sentative drug dilutions and no parasites (for cytotoxicity 
assays), and controls with parasites and no drugs (positive 
control). After drug addition, plates were incubated at 35 °C 
and 7%  CO2. At day 3 post-infection, plates were assayed 
for fluorescence.  IC50 values were determined by non-linear 
regression analysis using SigmaPlot.

Enzymatic inhibition assays

FPPS assay (for both T. cruzi and human) Human FPPS 
(HsFPPS) was expressed and purified as previously 
described [24, 25]. T. cruzi FPPS (TcFPPS) was obtained 
as described before [12]. The FPPS inhibition radiomet-
ric assay was performed essentially as previously reported 
[25]. Briefly, 100  µL of assay buffer (10  mM Hepes 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 
7.4, 5 mM  MgCl2, 2 mM dithiothreitol, 4.7 µM [4-14C]
IPP (isopentenyl diphosphate), 10 µCi/µmol, and 55 µM 
DMAPP (dimethylallyl pyrophosphate) were prewarmed to 
37 °C. The assay was initiated by the addition of recombi-
nant protein (10–20 ng). The assay was allowed to proceed 
for 30 min at 37 °C and was quenched by the addition of 
6 M HCl (10 µL). The reaction media were made alkaline 
with 6.0 M NaOH (15 µL), diluted in water (0.7 mL), and 
extracted with hexane (1 mL). The hexane solution was 
washed with water and transferred to a scintillation vial for 
counting. One unit of enzyme activity was defined as the 

activity required to incorporate 1 nmol of [4-14C]IPP into 
[14-14C]FPP (farnesyl diphosphate) in 1 min.  IC50 values 
were determined by non-linear regression analysis using Sig-
maPlot. 10 µL of several dilutions of the complexes were 
used for the inhibition assay. Positive (no inhibitor, only 
enzyme) and negative controls (no inhibitor and no enzyme) 
for each experiment were performed.

TcSPPS assay The activity of the enzyme was deter-
mined by a radiometric assay. Briefly, 100 µL of assay 
buffer (100 mM Tris–HCl buffer, pH 7.4, 1 mM  MgCl2, 1% 
(v/v) Triton X-100, 7.07 µM [4-14C]IPP (10 µCi/lmol)) and 
50 µM GGPP (geranylgeranyl diphosphate) were prewarmed 
to 37 °C. The assay was initiated by the addition of 10–20 ng 
of recombinant protein. The assay was allowed to proceed 
for 30 min at 37 °C and was quenched by chilling quickly in 
an ice bath. The reaction products were extracted with 1 mL 
of 1-butanol saturated with water. The organic layer was 
washed with water saturated with NaCl, and transferred to a 
scintillation vial with 4 mL of scintillation solution Ecolume 
for counting. One unit of enzyme activity was defined as the 
activity required to incorporate 1 nmol of [4-14C]IPP into 
[4-14C]FPP in 1 min [17].

Generation of free radical species in T. cruzi

The ability of the new complexes of catalyzing the produc-
tion of free radical species in T. cruzi was assessed in the 
parasite with ESR (electron spin resonance) using DMPO 
(5,5-dimethyl-1-pyrroline-N-oxide) for spin trapping. Each 
tested compound was dissolved in DMSO (spectroscopy 
grade, approx. 1 mM) and the solution was added to a mix-
ture containing the epimastigote form of T. cruzi (Dm28c 
strain; final protein concentration, 4– 8 mg/mL) and DMPO 
(final concentration, 250 mM). The mixture was transferred 
to a 50-μL capillary. ESR spectra were recorded in the X 
band (9.85 GHz) using a Bruker ECS 106 spectrometer with 
a rectangular cavity and 50-kHz field modulation [26].

Results and discussion

Synthesis and solid‑state characterization

Three new metal complexes with ibandronate as ligand have 
been synthesized and fully characterized. Unlike earlier stud-
ies in which high-temperature and -pressure conditions were 
used in the synthesis of bisphophonate metal compounds 
[27], complexes of the formula  [M3(Hiba)2(H2O)4]·6H2O, 
with M = Mn2+,  Co2+ and  Ni2+ were obtained with excel-
lent yields and high purities by direct reaction of aqueous 
solutions of the ligand and the corresponding metal salts at 
room temperature. As expected, the yield of the synthetic 
reaction was highly dependent on the pH value. The highest 
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yield was observed for Coiba system in the 5–6 pH range, 
whereas for Mniba and Niiba systems high yields were only 
obtained for pH values ca. 6. These synthetic conditions 
are in accordance with the obtained distribution species 
diagrams calculated for the experimental conditions used 
to prepare the complexes (see below) in which the neutral 
species  [M3(Hiba)2] are present in solution in high concen-
trations. Since they are neutral species, they are likely to 
crystallize from the aqueous solution.

The nature of the compounds obtained in the selected 
synthetic conditions was assessed by the performed solid-
state characterizations. Even though NBPs are very versatile 
ligands that could present different modes of coordination 
[27], the many X-ray structures reported for first row transi-
tion metal complexes with these ligands show similar pat-
terns of coordination and stoichiometries [28–34]. Among 
them, the 2D-layered structure corresponding to the formula 
 [M3(HL)2(H2O)4]·xH2O with HL = monoprotonated form 
of NBP matches all the performed characterizations for the 
ibandronate complexes described herein.

On the one hand, analytical data (elemental and thermo-
gravimetric analysis) agreed with the proposed formula. 
In particular, TGA results performed for all the complexes 
showed a continuous weigh loss between 45 and 120 °C that 
agreed with the loss of the total amount of water molecules 
present in the complexes (ten per complex, see Experimental 
section). However, in the DTG (derivative thermogravim-
etry) two broad peaks were distinguished in this temperature 
range which would be in accordance with the presence of 
two different water populations. Figure 2 shows the results 
of the TGA and DTG experiments for Coiba compound as 
an example. A weight loss of 11.1% at around 50 °C would 
correspond to the six crystallization water molecules and 
another weight loss of 7.7% at 95 °C would agree with the 
presence of four coordinated water molecules in the com-
plex. The weight loss corresponding to each of these two 

peaks for Niiba and Mniba also agreed with the proposed 
formula (Figure S1).

On the other hand, the infrared spectra of the three 
obtained complexes are almost identical (Figure S2). This 
is in accordance with all of them being isostructural [15, 
16, 32]. In the region of 900–1300 cm−1 the obtained com-
pounds show the typical band pattern of phosphonates 
[15, 16, 32, 35]. In this region, modifications in the fre-
quency values after complex formation could not be clearly 
attributed to coordination as the presence of water mole-
cules and hydrogen bond formation themselves affect the 
vibrational spectrum [15, 16, 36]. In the 1100–1250 cm−1 
region,  POO− stretching bands that are observed at 1195 and 
1156 cm−1 for ibandronate free ligand are shifted to lower 
frequencies and collapsed in a broad band at 1061 cm−1 in all 
the Miba metal complexes In addition, the band correspond-
ing to P=O stretching vibrations observed at 1280 cm−1 in 
the free ibandronate ligand is not present in the spectra of all 
the obtained compounds, indicating that each phosphonate 
group is fully deprotonated [37]. This is in agreement with 
the ibandronate ligand coordinating with the metal ion as a 
zwitterion with both phosphonate groups completely depro-
tonated and with the basic tertiary N atom in a protonated 
form, leading to a total charge of − 3 for the coordinated 
ligand [28, 31, 33, 38]. In addition, the absence of this IR 
band was previously related to the M–O–P–O–M coordina-
tion bridging mode as observed in other  [M3(HL)2(H2O)4] 
compounds with other NBPs [16, 31, 33]. In these previously 
reported complexes, the C–OH group was also involved in 
coordination. However, for the obtained ibandronate com-
plexes, the effect of coordination in the C–O–H stretching 
band (at 3160 cm−1 in the free ligand) was not observed due 
to the appearance in this region of a wide band that could be 
assigned to OH stretching of water [15].

Solution studies

Table 1 shows the protonation constants of iba determined 
in 0.50 M  Me4NCl at 25.0 °C. Iba has four acid protons 
corresponding to the two phosphonic groups and a basic 

Fig. 2  Thermogravimetric analysis result of Coiba compound

Table 1  Logarithms of the overall protonation constants of iban-
dronate determined in 0.5 M  Me4NCl at 25.0 °C

Values given in parentheses are the 1σ statistical uncertainties in the 
last digit of the constant. σ = 0.6

Protonation equilibrium log βH

iba4− + H+ → Hiba3− 10.85(6)
iba4− + 2  H+ → H2iba2− 21.16(5)
iba4− + 3  H+ → H3iba− 27.12(6)
iba4− + 4  H+ → H4iba 29.25(8)
iba4− + 5  H+ → H5iba+ 30.7(3)
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tertiary amino group. The first two pKa values (pKa1 = 1.5, 
pKa2 = 2.13) correspond to the first deprotonation of each 
phosphonic group and thus lie in the strong acid region. 
Notwithstanding, the experimental determination of these 
pK values is still reliable since the highly protonated species 
are present in detectable amounts (for example, for 1 mM 
total concentration of iba, at pH 2, 14% of the ligand is pre-
sent as  H5iba+). pKa3 = 5.96 is associated with the release of 
the second proton from one of the phosphonic groups. The 
fourth and fifth pKa values (pKa4 = 10.31, pKa5 = 10.85) are 
related to the last deprotonation of the bis(phosphonic acid) 
moiety and the deprotonation of the amino group, respec-
tively. These results are in line with previously reported data 
on NBP and other bisphosphonates [38–45]. Figures S3 and 
S4 show the fitting of experimental data and the correspond-
ing distribution species diagram of iba in the absence of 
metal ions.

Table 2 shows the obtained results for the interaction of 
iba with the selected 3d metal ions. Mononuclear complexes, 
[M(Hxiba)](2−x)− (x = 0–3), together with [M(Hiba)2]4−, 

 [M2iba] and  [M3(Hiba)2] are detected for all studied sys-
tems. The stability constant values are very similar for all +2 
metal cations. Figure 3a shows distribution species diagram 
for one typical potentiometric titration  ([iba]total = 2 mM, 
[Co] total = 1 mM). Similar diagrams are obtained for Mn(II) 
and Ni(II) under the same experimental conditions (see Fig-
ures S5 and S6), An example of the experimental fit of data 
for Coiba system is also shown as Figure S7. The species 
[M(Hxiba)](2−x)− with the ligand under different degrees 
of protonation have already been reported for other NBPs 
[38–40, 42]. In the case of [M(H3iba)]+, only one previous 
report informed the detection of a species with the same 
stoichiometry for other NBPs in the acidic region [42]. It is 
worth mentioning that the measured visible spectra supports 
complexation at this very low pH interval (results not shown) 
giving further evidence of the formation of [M(H3iba)]+ in 
solution. Together with 1:1 species, [M(Hiba)2]4−,  [M2iba] 
and  [M3(Hiba)2] are formed. Some previous reports have 
also detected similar species for other NBPs [38–40, 42]. 
Their formation is favored when the reagents are not in equi-
molar amounts and for higher total concentrations, espe-
cially for the trinuclear complex. In fact, under the condi-
tions of the synthesis,  [M3(Hiba)2] becomes the predominant 
form of Co(II) (Fig. 3b), in line with the isolation of the 
solid compound bearing the same stoichiometry. For Mn or 
Ni,  [M3(Hiba)2] is also present in lower proportion under 
the conditions used in the synthetic procedures, together 
with [M(H2iba)]. This is in agreement with the lower yield 
observed for Mn and Ni solid compounds together with the 
fact that better results are obtained if pH value is fixed at six 
instead of five (Figures S8 and S9).

Besides the synthesis conditions, it is also relevant to 
know which is the most abundant Miba species in the con-
ditions of the biological studies. Figure 4 shows the dis-
tribution species diagram calculated for the concentration 
range of the biological studies regarding anti-T. cruzi activ-
ity (Sect. 3.3). Taking Coiba system as example, at pH 7.4 
in the solution prepared from the solid Coiba compound, 

Table 2  Logarithms of the formation constants of M(II)–ibandronate 
in 0.5 M  Me4NCl at 25.0 °C

Tabulated values are the overall formation constant of each species. 
Values given in parentheses are the 1σ statistical uncertainties in the 
last digit of the constant

Equilibrium Mn Co Ni

M2+ + iba4− → [M(iba)]2− 8.52(8) 9.42(5) 9.29(8)
M2+ + iba4− + H+ → [M(Hiba)]− 19.45(8) 19.68(5) 19.41(7)
M2+ + iba4− + 2  H+ → [M(H2iba)] 26.56(7) 25.68(4) 25.52(6)
M2+ + iba4− + 3  H+ → [M(H3iba)]+ 30.99(8) 30.36(4) 30.25(7)
M2+ + 2  iba4− + 2 

 H+ → [M(Hiba)2]4−
33.51(8) 33.7(1) 33.86(9)

2 M2+ + iba4− → [M2iba] 15.0(1) 16.34(8) 15.45(9)
3 M2+ + 2  iba4− + 2 

 H+ → [M3(Hiba)2]
48.8(2) 47.58(8) 46.0(1)

σ 0.8 1.0 0.7

Fig. 3  Distribution species 
diagram of Coiba system 
calculated from equilibrium 
constants in Tables 1 and 2. L 
represents the fully deproto-
nated form of iba. Conditions: 
0.5 M  Me4NCl, 25.0 °C. a 
Potentiometric experimental 
conditions:  [Co]total = 1 mM, 
 [iba]total = 2 mM; b synthesis 
conditions:  [Co]total = 15 mM, 
 [iba]total = 30 mM, pH interval 
is indicated
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the most abundant complex species is [M(Hiba)]− for all the 
concentration intervals used in the experiments (Fig. 4a). 
Free  Co2+ and  H2iba2− are also present under these condi-
tions. Since neither the free metal ion nor the free ligand 
are active against T. cruzi, the species [M(Hiba)]− seems 
to be responsible for the observed behavior. For the  IC50 
concentrations (Fig. 4b), the calculated concentration of 
the [Co(Hiba)]− complex in solution is 7.8 μM, retaining 
75% of the ligand. Similar results are obtained for the other 
employed 3d metal ions. Figures S10 and S11 show the pre-
dominance of [M(Hiba)]− complex for the  IC50 concentra-
tions with concentrations of 6.3 μM of [Mn(Hiba)]− (39% of 
the ligand) and 3.2 μM of [Ni(Hiba)]− (62% of the ligand).

Biological results

The activity against intracellular amastigote forms of T. 
cruzi of ibandronate and the obtained metal complexes 
was studied. Results are shown in Table 3. In the assayed 
conditions, the free ibandronate ligand does not show any 
activity against the amastigote form of T. cruzi. However, 
all obtained complexes were potent inhibitors of T. cruzi’s 
growth having  IC50 values in the low micromolar range. 
The antiparasitic activity arises as a consequence of metal 

complexation and it seems to be quite independent of the 
nature of the metal ion. It also should be noted that Miba 
complexes showed no toxicity on the mammalian Vero 
cells in all the assayed conditions. An increase in the anti-T. 
cruzi activity has previously been reported by us for other 
metal–bisphosphonate complexes [15, 16].

Insight into the mechanism of action

TcFPPS inhibition assay

The main mechanism of anti-T. cruzi action of bisphos-
phonates and their metal complexes has been related to the 
inhibition of TcFPPS enzyme [13, 15, 16]. In addition, it 
has been stated that magnesium ions are necessary for the 
binding of bisphosphonates to FPPS [46]. Metal (II) ions 
present in the obtained metal complexes could be respon-
sible for an improved binding ability to FPPS and hence to 
the improved activity. Both Mg(II) and the transition metal 
ions form very similar species in solution in the presence of 
NBPs. In the case of transition metal cations, the interac-
tion with NBPs is stronger [40, 42] supporting the possible 
substitution of the alkaline earth metal ion by Mn, Co or Ni. 
Therefore, the ability of the obtained ibandronate complexes 

Fig. 4  Distribution species 
diagram of Coiba system calcu-
lated from equilibrium constants 
in Tables 1 and 2. L represents 
the fully deprotonated form of 
iba. Conditions: 0.5 M  Me4NCl, 
25.0 °C. Conditions: a pH 
7.4,  [Co]total = 1.8–30 μM, 
 [iba]total = 1.2–20 μM,  IC50 
interval is indicated; b  IC50 
concentrations correspond-
ing to  [Co]total = 15.6 M, 
 [iba]total = 10.4 μM

Table 3  Results of biological 
assays performed with the 
obtained metal bisphosphonate 
complexes

a Concentration of compounds inhibiting 50% growth of T. cruzi amastigotes
b Concentration of compounds inhibiting 50% activity of TcFPPS
c Concentration of compounds inhibiting 50% activity of HsFPPS
d Concentration of compounds inhibiting 50% activity of TcSPPS

Compound IC50 (μM)a 
(amastigotes)

IC50 (μM)b (TcFPPS) IC50 (μM)c (HsFPPS) IC50 (μM)d (TcSPPS)

Ibandronate > 100 0.19 ± 0.04 0.96 ± 0.09 1.22 ± 0.51
Mniba 8.1 ± 3.8 0.06 ± 0.01 > 10 2.18 ± 0.42
Coiba 5.2 ± 0.8 0.42 ± 0.08 > 10 2.69 ± 1.26
Niiba 2.6 ± 1.9 0.07 ± 0.01 5.6 ± 0.9 1.29 ± 0.28
Benznidazole 1.9 ± 0.6 – – –
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to inhibit TcFPPS was assayed. Results are depicted in 
Table 3. All metal complexes were inhibitors of TcFPPS. In 
two cases (Mniba, Niiba) the  IC50 values were lower than 
that observed for the free ibandronate ligand. For other pre-
viously obtained bisphosphonate metal compounds, a fairly 
good correlation between the ability of the complexes to 
inhibit intracellular T. cruzi amastigotes’ growth and TcFPPS 
activity had been found. However, for the ibandronate com-
plexes described herein, TcFPPS inhibition values could not 
explain the increase of the anti-T. cruzi activity as a conse-
quence of metal complexation. This apparent lack of corre-
lation between the trypanocidal activity and the enzymatic 
inhibition by some of the compounds could suggest other 
potential targets.

TcSPPS inhibition assay

Solanesyl-diphosphate synthase is an enzyme belonging 
to the prenyltransferase family involved in the biosynthe-
sis of solanesyl diphosphate, a precursor of the side chains 
of ubiquinones. Because ubiquinones play a central role in 
energy production in parasites, TcSPPS could be a promising 
chemotherapeutic target, in particular for bisphosphonates 
[17]. Results of the inhibition of TcSPPS for ibandronate and 
the obtained metal complexes are shown in Table 3. Both 
the free ligand and the metal complexes show a similar level 
of inhibition of TcSPPS. Therefore, the inhibition of this 
enzyme could not either explain the increase of the anti-T. 
cruzi activity upon coordination.

HsFPPS inhibition assay

Ibandronate and all obtained complexes were also assayed 
on their ability to inhibit HsFPPS (Table 3) to study their 
selectivity of the antiparasitic action. Ibandronate showed 
fairly poor selectivity as  IC50 value for the inhibition of 
HsFPPS is only five times higher than that of TcFPPS. How-
ever, ibandronate metal complexes are selective inhibitors of 
TcFPPS showing selectivity indexes of nearly 100 in most 
cases. These results can be correlated with the observed 
lack of toxicity on mammalian Vero cells for the obtained 
complexes.

Intraparasitic detection of free radical species

To find an explanation for the high anti-T. cruzi activity of 
the ibandronate metal compounds, their ability to catalyze 
the intraparasitic production of free radical species through 
Fenton-like reactions was studied. M(II) metal ions present 
in the obtained complexes could catalyze these reactions 
as Fe(II) usually does [47]. In this line, compounds were 
incubated with T. cruzi (Dm28c strain) epimastigotes and 
the production of free radicals was assessed by ESR. DMPO 

was added to the solutions to trap possible intracellular free 
radical species having short half-lives. A common pattern 
of signals was observed for the three complexes on the 
ESR spectra (Fig. 5). Even though not all signals could be 
assigned, the triplet corresponding to the oxidized form of 
DMPO (DMPOX, aN = 14.8 G) was unequivocally detected. 
As it has been previously reported [48, 49], DMPO oxida-
tion reaction would be caused by the previous generation of 
DMPO-OH spin adduct that readily derives into the oxidized 
form of DMPO (Fig. 5, inset). Based on these results, the 
increased anti-T. cruzi activity of the obtained compounds 
could be related to their ability to produce potentially toxic 
radical species in the parasite.

Conclusions

Three new 3d metal complexes with ibandronate as ligand 
were synthesized and fully characterized. In solution, 
mononuclear complexes [M(Hxiba)](2−x)− (x = 0-3) and 
[M(Hiba)2]4− together with the formation of the polynu-
clear species  [M2(iba)] and  [M3(Hiba)2] were detected for 
all studied systems (M = Mn2+,  Co2+ and  Ni2+). Under 
the conditions of the synthesis,  [M3(Hiba)2] predominates 
in solution giving place to the isolation of the solid com-
pounds  [M3(Hiba)2(H2O)4]·6H2O. The complex species 
[M(Hiba)]−, predominantly formed under the conditions of 
the anti-T. cruzi activity studies is proposed as the active 

Fig. 5  Experimental ESR spectra obtained after 5  min incubation 
of Coiba (1  mM) with T. cruzi epimastigotes (Dm28c strain, final 
protein concentration 4–8  mg/mL), NADPH (1  mM), and DMPO 
(100  mM). Asterisk (*) characteristic signals of DMPOX species. 
Inset: mechanism of DMPOX generation
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species. Regardless the metal ion, the obtained  IC50 val-
ues for the growth inhibition of the amastigote form of T. 
cruzi fell into the low micromolar range even though no 
activity was observed for the free ibandronate ligand. The 
increase of the anti-T. cruzi activity upon coordination could 
not be explained neither through the inhibition of TcFPPS 
nor through the inhibition of TcSPPS even though obtained 
complexes were selective inhibitors of TcFPPS showing 
poor inhibition of the human one. The ability of the obtained 
metal complexes of catalyzing the generation of free radi-
cal species in the parasite could be related to the observed 
anti-T. cruzi activity.
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