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(Sigma-Aldrich) in 3 mL of 0.1 N NaOH, 0.3 mL of 0.1 M HCl
and 1.7 mL of 10 M acetate buffer (pH 5), incubated at 60 1C
during all the experiments. In a control test, after 0, 30, 60 and
120 min, 1 mL of solution was collected, cooled on ice for
10 min and then filtered over cellulose acetate (0.22 mm). The
solids were washed with water, and dried in silica gel and P2O5

for 48 h. Infrared spectra were obtained from the discs of the
solids in KBr pellets. The effect of the compounds was studied
by adding 3 equivalents (mol mol�1) of compounds before the
acidification stage, and the reaction was terminated after
120 min. Chloroquine and Primaquine were used as positive
and negative controls, respectively. Three independent experi-
ments were performed.

2.12 Inhibition of b-hematin formation by UV-vis
spectroscopy24

A solution of hemin chloride (50 ml, 4 mM) dissolved in DMSO
was distributed in 96-well plates. Different concentrations
(10 mM–10 mM) of each complex were dissolved in DMSO and
added in triplicate (50 mL) to a final concentration of 2.5 mM–
2.5 mM per well. The control contained water or DMSO. The
formation of b-hematin was initiated by the addition of acetate
buffer (100 mL, 0.2 M, pH 4.4). The plates were incubated at
37 1C for 48 h and then centrifuged. After removing the super-
natant, the precipitate was washed twice with DMSO and finally
dissolved in NaOH (200 ml, 0.2 N). After diluting with NaOH
(0.1 N), the absorbance was measured at 405 nm in a spectro-
photometer. The inhibition of b-hematin was calculated in
comparison with the negative control, and plotted against drug
concentration generated using GraphPad Prism 5.01. Three
independent experiments were performed.

2.13 CM-H2-DCFDA staining of P. falciparum

A volume of 100 mL of trophozoites of P. falciparum 3D7 strain
at 3.0% parasitemia and 1.0% hematocrit in RPMI was dis-
pensed per well in a 96-well round bottom plate. A volume of
25 mL of CM-H2-DCFDA (Life) at 15 mM suspended in medium
was added to each well and incubated in the dark for 20 min.
Then, 100 mL of drugs previously suspended in RPMI was added
to the respective wells. Each drug concentration was tested in
triplicate. The untreated parasites received 100 mL of medium
containing 0.5% DMSO. The plates were incubated for 3.5 h at
37 1C under 3% O2, 5% CO2, 91% N2 atmosphere. The plates
were centrifuged at 1500 rpm for 5 min, the supernatant was
discarded and 200 mL of isoton diluent was added and the
samples were analyzed in a flow cytometer (LSRFortessa, BD).
The gate of the infected cells was determined in comparison
with the uninfected control. At least 200.000 events were acquired
in the fluorescein isothiocyanate channel (488, 585 nm) for
CM-H2-DCFDA. The analysis was performed using FlowJo (LLC)
in three independent experiments.

2.14 Mitotracker and SYBR staining of P. falciparum

One hundred mL of rings of P. falciparum 3D7 strain at 2%
parasitemia and 1.0% hematocrit in RPMI was dispensed in a
96-well round bottom plate. Then, 100 mL of drugs previously

suspended in RPMI was added to the respective wells. Each
drug concentration was tested in triplicate. The untreated
parasite received 100 mL of medium containing 0.5% DMSO.
The plates were incubated for 24 h and 48 h at 37 1C under
3% O2, 5% CO2, 91% N2 atmosphere. The plate was centrifuged
with 200 mL of drug-free medium at 1500 rpm for 5 min and
then 150 mL of mitotracker deep red FM (Life) at 5.0 mM and
SYBRgreenI (at 2.5� suspended in medium) were added to each
well and incubated in the dark for 30 min. After washing and
adding 400 mL of isoton diluent, the samples were analyzed in a
flow cytometer (LSRFortessa, BD). The gate of the infected cells
was determined in comparison with the uninfected control.
At least 200.000 events were acquired in the allophycocyanin
channel (633, 660 nm) for mitotracker and the fluorescein
isothiocyanate channel (488, 585 nm) for SYBR. Analysis was
performed using FlowJo (LLC). Three independent experiments
were recorded.

2.15 Transmission electron microscopy

Aliquots (3 mL) of trophozoites of P. falciparum 3D7 strain at
8% parasitemia and 5.0% hematocrit in RPMI were dispensed
in a flask and treated with chloroquine or WV-90 at 5.0 mM and
incubated for 5 h. The untreated culture received DMSO. After
centrifugation twice, the cells were fixed with 2% formaldehyde
and 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA) in sodium cacodylate buffer (0.1 M, pH 7.2) for
40 min at room temperature. After fixation, the cells were
washed 3 times with cacodylate buffer and post-fixed with a
1.0% solution of osmium tetroxide containing 0.8% potassium
ferrocyanide (Sigma-Aldrich) for 1 h. The cells were subse-
quently dehydrated in increasing concentrations of acetone
(30, 50, 70, 90 and 100%) for 10 min in each step and
embedded in Polybed resin (PolyScience family, Warrington,
PA). Ultrathin sections on copper grids were contrasted with
uranyl acetate and lead citrate. Micrographs were taken using a
JEM-1230 microscope (JEOL, Peabody, MA).

2.16 In vivo activity (Peters test)25

Male Swiss mice were infected by intraperitoneal injection of
1 � 106 NK65 strain P. berghei-infected erythrocytes per mouse
and randomly divided into groups of n = 5. Each drug was
solubilized in DMSO/saline (20 : 80 v/v) prior to administration.
Treatment was initiated 3 h post infection and given once a day
for four consecutive days by intraperitoneal injection of 100 mL.
Chloroquine-treated mice were used as a positive control
group, while untreated infected mice receiving DMSO/saline
were used as a negative control group. The following para-
meters were evaluated: parasitemia counted at 4, 5, 6 and
7 days post-infection and 30 days post-infection animal survival.
Thin blood smears were prepared, fixed and stained with quick
panoptic stain (Laborclin), while animal survival was observed daily.
The % of parasitemia reduction was calculated as follows: [mean
vehicle group � mean treated group/mean vehicle group] � 100.
Two independent experiments were performed. For a transmission
electron microscopy analysis, infected mice (n = 1/group) at 10 days
post-infection (parasitemia at 16%) received a single dose of CQ or
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From three independent experiments, chloroquine tested in
concentrations up to 10 mM did not inhibit 100% parasite
growth, while the platinum complex WV-90 at a concentration
of 5.0 mM was able to eliminate the parasite. Of note, WV-90 did
not induce hemolysis at concentrations below 12.5 mM (Fig. S2,
ESI†), showing a parasite clearance activity without affecting
erythrocyte integrity.

The primary target for the antimalarial quinolones like
chloroquine in the intra-erythrocytic life stage is the ferripro-
toporphyrin and its polymerization product, known as hemo-
zoin (synthetic analog, b-hematin).8,10 A series of experiments
targeting ferriprotoporphyrin (hemin) and heme aggregation
(b-hematin) were performed. Titration of ferriprotoporphyrin
was monitored using the Soret band of porphyrin and the
perturbations upon increasing concentration of the compounds
(Fig. 3). By using titration, we estimated the association constant
(log K) of the compounds for ferriprotoporphyrin (Table 3). It was
observed that in comparison with chloroquine, the complexes
displayed a weaker interaction with ferriprotoporphyrin, where

WV-90 showed the highest association constant among the
complexes. The inhibition of polymerization of hemin into
b-hematin was characterized in the solid state by using infrared.
The spectra of hemin and its spontaneous polymerization in
acid buffer were monitored by the presence of signals at
1660 and 1210 cm�1, which correspond to the formation of
the iron–carboxylate bonds (Fig. 4A). Adding chloroquine and
platinum complexes inhibited the formation of b-hematin, due
to the absence of signal at 1660 and 1210 cm�1 (Fig. 4B). In
contrast, adding primaquine, both signals regarding b-hematin
formation are observed, which can be explained since this anti-
malarial compound has an extra-erythrocytic action mechanism.8

Furthermore, the inhibition of polymerization of hemin into
b-hematin was studied in solution by UV-vis. As observed by
IC50 values (Table 3), WV-90 exhibited the best inhibition of
b-hematin among the platinum(II)–chloroquines, with a potency
similar to that of chloroquine. In contrast, WV-92, which was the
least active antiparasitic complex among them, presented the
lowest ability to inhibit b-hematin formation. The metal complex
lacking chloroquine, WV-48, did not inhibit hemin formation in
solution at concentrations up to 2.0 mM (data not shown).

The ability of the platinum complexes to induce oxidative
stress in trophozoites was assayed by flow cytometry using
CM-H2-DCFDA, a general probe for reactive oxygen species
(ROS). Fig. 5 (panel A) shows that, in comparison to untreated
trophozoites, chloroquine increased the content of ROS in a
concentration-dependent manner (significance, p o 0.05).
At the same concentration range, however, neither WV-90 nor
WV-93 increased ROS production in a concentration-dependent
manner (no statistical significance). In addition, the platinum
complex lacking chloroquine WV-48, which is devoid of

Table 2 Parasiticidal activity of platinum complexes against intraerythro-
cytic W2 strain of P. falciparum

Compounds LC50 � S.E.M.a (mM) MPCb (mM)

WV-90 0.84 � 0.03 5.0
WV-93 1.0 � 0.2 10
CQ 0.43 � 0.03 410
Artesunate 0.0049 � 0.0009 0.19

a After 18 h of exposure, the compounds were removed by extensive
washing and parasite growth was quantified by hypoxanthine incor-
poration relative to untreated controls. LC50 = lethal concentration at
50%. b MPC = minimal parasiticidal concentration.

Fig. 3 Spectroscopic titration of ferriprotoporphyrin (FeIIIPPIX) with the platinum(II)–chloroquine complexes at pH 7.5.
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After clearance of parasitemia on day 8, recrudescence of
infection was observed on day 14 for chloroquine and on day
17 for WV-93. As a result of the delay in the recrudescence
of infection, mice treated with WV-93 presented a median
survival time of 19.5 days, while for the untreated group and
chloroquine group, the median survival times were 15.5 and
16 days, respectively. In two independent experiments, no mice
were cured by chloroquine, whereas WV-93 treatment cured
25% of mice.

After ascertaining the activity against the blood stage, the
activity of platinum complexes on P. berghei infection of Huh-7
cells was also evaluated (Fig. 9). In comparison with untreated
controls, treatment with the WV-90 complex did not decrease
the parasite load at the concentrations tested. In contrast,
WV-93 reduced the parasite load by 50% at 10 mM, without
affecting the viability of Huh-7 cells. The WV-93 complex dis-
played an IC50 of 10.88 � 0.68 mM, while the IC50 of primaquine
and chloroquine was approximately 10 and 15 mM, respectively.

4. Discussion

platinum(II)–chloroquines are water-stable compounds and repre-
sent a novel class of potential multistage antimalarial agents.

In vitro, the platinum complexes displayed antimalarial activity
similar to chloroquine, even against a chloroquine-resistant
P. falciparum strain. This activity is highly dependent on the
presence of chloroquine in the composition of the metal
complex. This was achieved with selectivity, without affecting
mammalian and host cell viability. Importantly, the platinum
complexes impaired parasite cell cycle development and pre-
sented irreversible parasiticidal effects.

The platinum complexes exhibited parasiticidal activity
against trophozoites, where hemozoin formation is more active,
which is part due to their inhibitory effects on b-hematin
formation. Platinum compounds were as active as chloroquine,
which is achieved due to the presence of chloroquine in their
composition since the chloroquine-lacking complex was unable
to inhibit hemin dimerization. However, chloroquine interacts
with hemin more strongly than platinum complexes. Indeed, the
free quinolonic nitrogen of chloroquine is not only considered
crucial for cell-based activity but also for its interaction with
hemin;9,10 in the platinum complexes, the quinolonic nitrogen is
bound to a platinum atom. Based on this, it is suggested that
their interaction with heme is somewhat different than chlor-
oquine. In agreement with this, we have demonstrated, by
electron microscopy, that while there are marked similarities
in the ultrastructural effects on parasites produced by both

Fig. 8 Platinum complexes display clearance of parasitemia. Experimental design of the Thompson test (A), parasitemia (B), animal survival (C and D) and
summary of dose–response curve (table). In panel (B), the values represent the mean � S.D. of one experiment. ***p o 0.01 versus vehicle (one-way
ANOVA and Newman-Keuls test). b Survival determined 31 dpi by pooling data of two experiments. Abbreviation: i.p., intraperitoneal; dpi, days post-
infection; CQ, chloroquine.
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18 A. Gomes, B. Pérez, I. Albuquerque, M. Machado,
M. Prudêncio, F. Nogueira, C. Teixeira and P. Gomes,
N-Cinnamoylation of antimalarial classics: quinacrine ana-
logues with decreased toxicity and dual-stage activity, Chem-
MedChem, 2014, 9, 305–310, DOI: 10.1002/cmdc.201300459.

19 H. Kaur, M. Machado, C. de Kock, P. Smith, K. Chibale,
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