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Pentavalent antimonial drugs such as N-methylglucamine antimonate (Glucantime®) are used for treating leishmaniasis but produce 

severe side effects, including cardiotoxicity and hepatotoxicity. We characterized the physicochemical properties of 3 nanoparticle 

phosphate-based composites (NPCs; NPC0, NPC3, and NPC5) as Sb(V) carriers for specifically targeting macrophages and reducing 10 

systemic side effects. NPCs were synthesized in liquid media and sterilized at 25 kGy before use. Macrophage viability and NPC 

toxicity, independent of Sb uptake, were evaluated to assess NPC safety in visceral leishmaniasis treatment. NPC zeta potential, 

conductivity, diameter, Sb content, and crystallinity were determined using electrophoretic light scattering, scanning electron microscopy 

(SEM), conductance, graphite furnace atomic absorption spectrometry (GFAAS), and X-ray diffraction, respectively. In vitro NPC 

cytotoxicity against murine peritoneal macrophages was evaluated using MTT assays, and Sb amounts internalized by macrophages were 15 

determined using GFAAS. The rate of macrophage infection with Leishmania infantum was assayed in vitro, with Glucantime® used as a 

reference drug. NPCs featured negative zeta potentials (-15.5 to -19.5 mV), mean diameters around 180 nm, and a low dissolution 

constant in Milli-Q water (<0.0197 mS cm-1), and were prepared using 0.0 (NPC0) to 36.2 µg mL-1 Sb (NPC5). NPC5 exhibited 

characteristic crystalline peaks resembling mopungite, but other NPCs exhibited predominantly amorphous structures. Cell viability was 

not markedly affected at any NPC concentration tested. Light microscopy, SEM, and GFAAS data revealed NPC internalization and 20 

intracellular Sb retention. Amastigote infection was reduced by both Sb-containing NPC3 and Sb-lacking NPC0, but NPC3 was more 

effective. These data indicate the potential of NPCs as Sb nanocarriers for specifically targeting macrophages and lowering Sb dosage 

without reducing leishmanicidal activity. 

 

Introduction 25 

 
Leishmaniasis, a disease caused by an intracellular parasite, is 

endemic in 98 countries on 5 continents. Leishmaniasis occurs in 

4 forms: cutaneous, diffuse cutaneous, mucocutaneous, and 

visceral. Visceral leishmaniasis is one of the most severe forms 30 

of the disease, being lethal in most untreated cases, and is caused 

by Leishmania infantum or Leishmania donovani. The disease is 

characterized by irregular fever, weight loss, hepatomegaly, 

splenomegaly, lymphadenopathy, and anemia. In America, the 

main sand fly species involved in transmission is Lutzomyia 35 

longipalpis. Dogs, which represent the most important domestic 

reservoirs of the disease, are responsible for the maintenance of 

parasitism in endemic foci due to the presence of amastigotes in 

the skin.1,2 

The conventional treatment used for all forms of leishmaniasis 40 

relies primarily on intramuscular or intravenous administration of 

metal salts in the pentavalent form. N-methylglucamine 

antimonate (Glucantime®) is a drug of first choice due to its 

therapeutic efficacy.3-7 The reduction of Sb(V) to Sb(III) is 

required for leishmanicidal activity, suggesting that Sb(V) is a 45 

pro-drug that becomes active and toxic after its reduction to 

Sb(III) in the body, which occurs inside phagolysosomes in 

macrophages.5-7 

Although drugs containing Sb(V) remain the drug of choice in 

most cases of leishmaniasis, their hepatotoxicity, cardiotoxicity, 50 

and nephrotoxicity present serious obstacles to properly treating 

disease cases, and this can lead to treatment failure, interruption, 

or even discontinuation by the patient prior to the termination of 

chemotherapy.8-11 Moreover, the medical care costs associated 

with the side effects of these chemotherapies are substantial and 55 

increase the overall economic burden. Therefore, current 

chemotherapies of leishmaniasis present several limitations.12 

Nanostructured materials possess unique properties and 

capabilities that make them suitable for interaction with 

biological targets, particularly in drug-delivery applications.13,14 
60 

As a drug-delivery vehicle, inorganic nanoparticles have received 

considerable attention due to their high cellular uptake, low 

toxicity, and low immune response; these nanoparticles are 

typically more hydrophilic, biocompatible, and stable as 

compared to organic materials.15-21 Because of their several 65 

favorable characteristics, certain types of phosphate-based 

nanoparticles have been used in applications such as the delivery 

of DNA plasmids (pEGFP-N1, pUC19, pSVßgal) into the HeLa 

cell line22 and delivery of antibiotics such as vancomycin to 
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prevent infections after knee arthroplasty,23 and for use as a 

carrier in the oral administration and intestinal absorption of 

insulin in diabetic rats.21 These diverse examples of applications 

reveal the potential for new therapeutic approaches. 

In this study, we sought to synthesize nanoparticle phosphate-5 

based composites (NPCs) containing Sb(V) and characterize their 

physicochemical properties, with a focus on their potential use in 

leishmaniasis therapy. 

 

Experimental 10 

 

Synthesis of nanoparticle phosphate-based composites 
The complete synthesis of NPCs is presented in the patent filings 

BR 102012032493-8 and BR 102013032731-0, which are 

available at www.inpi.gov.br. NPCs were synthesized using a 15 

mixture of salt solutions in a controlled precipitation system. The 

NPCs were prepared in solutions consisting of 7–10 mmol of 

Na4P2O7•10H2O (Cromoline), 5 mmol of CaCl2•2H2O 

(Cromoline), 5 mmol of MgCl2•6H2O (Synth), and 0–5 mmol of 

KSb(OH)6 (Sigma) by using semipermeable membranes 20 

(Spectrum Medical Industries, Inc.). We prepared 3 types of 

NPCs: NPC0 (no Sb added in the formulation), NPC3 (1.5 mmol 

of Sb salt added), and NPC5 (2.5 mmol of Sb salt). After 

synthesis, each NPC suspension was centrifuged at 3,500 rpm for 

10 min, and the precipitate was washed thrice with absolute 25 

ethanol (Merck) and dried at 60 °C for 48 h. Lastly, aliquots of 

0.1 g per vial of each NPC were placed in conical polypropylene 

microtubes and sterilized with 25 kGy gamma irradiation, at the 

Laboratório de Irradiação Gama - LIG, CDTN-UFMG. For all 

subsequent analyses, a stock solution containing 1 mg of NPCs 30 

was eluted in 100 µL of liquid (Milli-Q water, ethanol, or RPMI 

1640 culture medium) immediately before use. 

 

Characterization techniques 
Zeta potential and conductivity were measured (in mV and mS 35 

cm-1, respectively) using a zetasizer (Nano ZS90, Malvern 

Instruments, UK); 20 µL of the NPC stock solution (1 mg diluted 

in 100 µL of Milli-Q water) was added to 2 mL of Milli-Q water 

in a folded capillary cell. For electron microscopy analysis, one 

drop of the eluted stock solution of NPC (1 mg diluted in 100 µL 40 

of ethanol) was placed on carbon coverslips (Thermanox®) and 

dried. Samples were mounted on a stub with adhesive double-

layered carbon tape and carbon sputtered at 10-5 mBar by using a 

Hitachi HUS4G. Electron micrographs (in the 50,000× 

magnification range) were obtained with secondary electrons by 45 

using an FEG Quanta 200 (FEI). The NPC diameter distribution 

was determined using Image Pro Plus 4.0 and GraphPad Prism 

5.0. The Sb content in NPCs was determined using graphite 

furnace atomic absorption spectroscopy (GFAAS).28 Aliquots of 

0.1 g of each NPC (NPC0, NPC3, and NPC5) were diluted in 1 50 

mL of 0.2% HNO3 solution for measuring Sb by using a 

spectrometer equipped with a graphite furnace and an 

autosampler (AAnalyst 600, Perkin Elmer). For  determining the 

NPC crystallinity, we deposited 3 mg of each NPC on a silicon 

sample port and analyzed them by means of X-ray diffraction 55 

(XRD) on a Geigerflex-RIGAKU diffractometer featuring a Cu 

pump, with a 2θ scan angle and pitch of 0.1°, in an accumulation 

period of 1 h at room temperature. Data were collected using 

OriginPro 8 Sr0 v.80724 (B724) software. For all NPCs, XRD 

patterns containing the intensity distribution of the beam 60 

diffracted by the distinct crystal planes or amorphous patterns 

were obtained. To identify known crystal planes that were 

comparable to those obtained experimentally, the XRD patterns 

were compared with standard crystallographic data deposited in 

these electronic databases: Inorganic Crystal Structure Database 65 

http://icsd.fizkarlsruhe.de.fisica.dotlib.com.br/search/basic.xhtml 

and CRYSTMET 

http://bdec.dotlib.com.br/go_global/index?direct=true&embed=f

alse&app=crystmet. 

 70 

Biological assays 
A commercial sample of meglumine antimoniate (Glucantime®) 

(5-mL vials at 300 mg mL-1; Batch 3680, Sanofi-Aventis, São 

Paulo, Brazil) was obtained from the Brazilian Ministry of 

Health. BALB/c mice (female, 4–6 weeks old, 18–22 g) were 75 

obtained from Cebio, Universidade Federal de Minas Gerais 

(UFMG, Belo Horizonte, MG, Brazil). Mice were provided ad 

libitum access to a standard diet and tap water. L. infantum 

promastigotes of the MHOM/BR/70/BH46 strain were cultured 

in vitro at 24 ± 1 °C in RPMI 1640 medium supplemented with 80 

10% fetal bovine serum and maintained through serial 

subculturing performed every 48–72 h. To isolate peritoneal 

macrophages, BALB/c mice were inoculated intraperitoneally 

with 2.5 mL of thioglycolate at 3% 24After 3 days, animals were 

sacrificed through cervical dislocation and 10 mL of cold, sterile 85 

unsupplemented RPMI medium was injected into the peritoneal 

cavity; the abdomen was then massaged to optimize the 

withdrawal of RPMI medium containing macrophages by using a 

syringe. The collected cells were centrifuged at 3,000 rpm for 15 

min and then counted in a Neubauer chamber. This protocol was 90 

approved by the Ethics Committee for Animal Experimentation 

of the UFMG (CETEA protocol number 131/2012). 

 

Murine macrophage cytotoxicity assay 
To assess in vitro cellular toxicity, NPCs containing or lacking 95 

Sb were incubated in RPMI 1640 medium together with 5 × 105 

murine macrophages in a 96-well microplate.25 For each NPC, a 

stock solution (1 mg of NPC diluted in a final volume of 100 µL) 

was prepared and diluted to various concentrations (1, 0.1, 0.01, 

0.001, and 0.0001 mg mL-1) with RPMI 1640 complete medium. 100 

The Sb content ranged from 0.362 to 0.000 µg per well. As a 

negative control, adherent macrophages were incubated in the 

presence of only RPMI 1640 complete medium. Triplicate 

cultures were incubated for 24 h at 37 °C under a 5% CO2 

atmosphere. After incubation, 10 µL of a 5 mg mL-1 MTT (3-105 

(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 

solution (Sigma) was added to the wells (50 µg/well), and the 

cells (in 96 wells) were maintained for 4 h at 37 °C in a 5% CO2 

atmosphere. The supernatants were then removed and 100 µL of 

dimethyl sulfoxide was added to dissolve the formazan crystals 110 

generated in the wells. The plates were subsequently read using a 

spectrophotometer, at a wavelength of 570 nm.26-28 To obtain the 

final optical density (OD) values, the OD of the wells containing 

only macrophages (negative control) was subtracted from the 

measured OD values. 115 
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Table 1: Zeta potential and conductivity of NPCs. 

NPC Zeta potential (mV) 
Conductivity  

(mS cm-1) 

NPC0 

NPC3 

NPC5 

-19.5 

-17.8 

-15.5 

0.00842 

0.0136 

0.0197 

 

Measurement of intracellular Sb in murine macrophages 
The internalization of Sb into macrophages was examined using 

GFAAS.29 Macrophages (5 × 105) in a final volume of 1 mL were 5 

maintained in 24-well plates at 37 ºC in a 5% CO2 atmosphere. 

The macrophages were allowed to adhere for 2 h and then 6 µL 

of NPC3 and NPC5 stock solutions (0.1 g diluted in a final 

volume of 100 µL) were added for either 24 or 48 h. After the 

incubation, cells were washed thrice with RPMI 1640 medium to 10 

remove all free NPCs and Sb. Cells were allowed to recover and 

then digested in 65% HNO3 (Merck) overnight, which was then 

diluted 100-fold in 0.2% HNO3 for subsequent measurement of 

Sb by means of atomic absorption spectroscopy performed using 

a spectrometer equipped with a graphite furnace and an 15 

autosampler (AAnalyst 600, Perkin Elmer). The rates of Sb 

internalization (R) at 24 and 48 h were calculated using this 

formula: R = Sb (measured in 5 × 105 macrophages) / Sb 

(measured in the NPCs added per well). 

 20 

 

Effect of NPC0, NPC3, and Glucantime on L. infantum 

infection 
Twenty-four-well plates containing peritoneal macrophages (5 × 
105) adhered on glass coverslips were incubated overnight at 37 25 

°C under 5% CO2 in the presence of promastigote (1 × 107) 
parasites during the stationary growth phase in order to allow 
infection. Wells were washed twice with the same media at room 
temperature to remove non-internalized parasites. The time at 
which the wells were washed was considered “time zero” of 30 

infection. Different volumes of stock solutions (1 mg diluted in a 
final volume of 100 µL) of NPC0 (lacking Sb) or NPC3 
(containing Sb) were added to cells at final concentrations of 20, 
60, and 180 µg mL-1, which corresponded to Sb(V) 
concentrations of 13.9, 41.7, and 125.1 ng mL-1 for NPC3, 35 

respectively. NPCs were incubated with cells for 24, 48, and 72 h 
at 37 °C under 5% CO2. Glucantime was tested at concentrations 
of 50, 150, and 450 ng mL-1, which corresponded to Sb(V) 
concentrations of 33.25, 99.75, and 299.25 ng mL-1, respectively. 
The control infection rate for the assays was >90%. Drug and 40 

NPC activities were evaluated from Panótico-stained slides by 
counting at least 200 cells per treatment, and the rates of infected 
cells were assessed by calculating the percentage (%) of infected 
cells in all treatments.30,31 Reductions in the percentage of 
infection by L. infantum and parasite residence within peritoneal 45 

macrophages were evaluated by counting the infected 
macrophages and the internalized parasites, respectively, after 
various incubation times. The number of internalized parasites 
was binned and also plotted according to a categorized infection 
rate—uninfected, 1–5, 6–10, or >10 amastigotes per 50 

macrophage—adapted from Gebre-Hiwot et al.30,31 

 

 

 
Fig. 1. Scanning electron micrographs, obtained with secondary 55 

electrons, of NPC0 (a), NPC3 (b), and NPC5 (c) and the 

respective diameter distribution graphs. 

 

 

NPC internalization 60 

Leishmania-infected murine peritoneal macrophages were 

obtained using procedures described in preceding paragraphs. 

Macrophages were incubated with 20 µg mL-1 NPC0, NPC3, and 

NPC5 for 24 h, and then Panótico-stained and imaged using an 

Olympus BX 41 microscope equipped with an Olympus Q Color 65 

3 digital camera and a 60× objective lens and a 2.5× projective 

lens. Images were calibrated using a 0.01-mm micrometer ruler 

(Olympus). For electron microscopy, Leishmania-infected 

murine peritoneal macrophages were cultured using the 

aforementioned procedures, and incubated with 60 µg mL-1 70 

NPC3 on carbon coverslips (Thermanox®). After incubation, 

samples were fixed using 4% glutaraldehyde in cacodylate buffer 

(0.1 M, pH 7.4) for 24 h. After post-fixation with 1% OsO4, the 

samples were rinsed with PBS and dehydrated using alcohol 

solutions. Samples were then mounted on stubs and carbon 75 

sputtered in an evaporator (Hitachi Model HUS4G) and analyzed 

with secondary and back-scattered electrons by using a Quanta 

FEG 3D FEI electron microscope. 

 

 80 
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Fig. 2. XRD patterns of NPCs and mopungite. The amorphous 

pattern observed in the sample holder, NPC0, and NPC3 is 

distinct from the crystalline profile in mopungite and the mixed 

profile in NPC5. 5 

 

 

Results and discussion 
 
The zeta potential and conductivity measured for each NPC are 10 

presented in Table 1. Negative zeta potentials were measured for 

the NPCs and ranged from -15.5 mV for NPC5 to -19.5 mV for 

NPC0. Conductivity values were close to 0.01 mS cm-1. 

Electron microscopy analysis revealed that the NPCs were 

spherical (Fig. 1). The average diameter of NPCs and the 15 

diameter range of 95% of the nanoparticles were respectively the 

following: NPC0, 183.2 and 173.1–193.3 nm; NPC3, 193.5 and 

185.2–201.8 nm; and NPC5, 172.8 and 166–179.6 nm. These 

data show a close diameter distribution among the synthesized 

NPCs. 20 

Antimony levels were higher in NPC5 nanoparticles (36.24 µg 

mL-1) than in NPC3 nanoparticles (6.95 µg mL-1). Sb levels in 

NPC0 particles, which were prepared without the addition of 

antimony, were below the limit of quantification (0.063 µg mL-

1). The XRD patterns of the NPCs (Fig. 2) revealed a single 25 

broad peak present at 2θ = 28.3º for all synthesized nanoparticles, 

similar to the gate silicon samples, indicating a predominantly 

amorphous pattern. However, NPC5 also exhibited crystalline 

peaks (19.1 and 22.1), and this profile was similar to the 

crystalline profile obtained for mopungite (NaSb(OH)6). 30 

The diameter distribution of a nanoparticle is one of its most 

critical features because it can determine the nanoparticle’s 

distribution in vivo, biological fate, toxicity, targeting capacity, 

drug entrapment, release, and stability. A review article 

previously noted that nanoparticles featuring a zeta potential near 35 

(+ -) 30 mV remain in suspension, where the charged surface is 

responsible for particles’ dispersion and is favorable for in vitro 

and in vivo assays.32 Studies on functionalized and non-

functionalized calcium phosphate nanoparticles have reported 

diameters and zeta potentials ranging from 40 to 200 nm and -11 40 

to -28 mV,21 respectively, which are similar to those in our study. 

These values are also similar to values reported for calcium 

phosphate nanoparticles containing porphyrin (250 nm and +1.2 

and -18 mV32 and 100–250 nm and +12 to -24 mV33). These data 

suggest that NPCs can be consistently synthesized. 45 

Nanoparticles featuring a diameter of 100–300 nm were shown to 

 
 

Fig. 3. Cell viability after incubation with NPC0, NPC3, and 

NPC5. None of the nanoparticles exhibited significant toxicity 50 

toward murine macrophages (two-way ANOVA, p < 0.05). 

 

be effective in cellular uptake studies, and the zeta potential of 

the nanoparticles varied according to their functionalization.34 

Other studies have also reported that the uptake of nanoparticles 55 

by NIH3T3 fibroblasts occurred after only a few hours of 

exposure, and that porphyrin was released in the cytoplasm after 

dissolution of the nanoparticles, with no adverse effects being 

detected.35 Analysis of the diameter distribution 
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Fig. 4. Reduction of infection (%) at 24, 48, and 72 h after 

exposure to Glucantime (50, 150, and 450 ng mL-1) and NPC0 

and NPC3 (20, 60, and 180 µg mL-1). 

 5 

 
of NPC0, NPC3, and NPC5 indicated that 95% of the 

nanoparticles featured diameters of approximately 180 nm, and 

the data presented herein also suggest the dissolution of these 

nanoparticles. The conductivity values of NPCs near 0.01 mS 10 

cm-1 support their structural stability in liquid medium. The 

results showed a slight mobilization of the constituent elements 

of the NPCs. In XRD analysis, all NPCs showed an amorphous 

profile, except for NPC5. Amorphous minerals are highly soluble 

and can incorporate diverse organic and inorganic substances and 15 

mobilize their mineral ions.36,37 To test the cytotoxic effect of 

NPCs on murine macrophages, the viability of the cells at distinct 

NPC concentrations was measured (Fig. 3). Cell viability was not 

affected in a statistically significant manner by any NPC at any 

concentration tested. Although the toxicity of nanoparticles could 20 

be lower than that of current chemotherapeutic agents, only a few 

studies have investigated inorganic nanoparticles as 

chemotherapeutic agents for leishmaniasis. Antimony sulfide 

(Sb2S5) nanoparticles have been demonstrated to exhibit low 

toxicity toward uninfected macrophages and leishmanicidal 25 

activity against intracellular L. infantum.38 Studies on selenium 

nanoparticles in macrophage cultures infected with L. infantum 

have demonstrated a reduction in the proliferation of 

promastigotes and amastigotes at 72 h, and an IC50 of 100 µg 

mL-1 in uninfected macrophages.39 In vitro studies have been 30 

conducted on the anti-proliferative activity of 7 ternary Ni(II) 

complexes featuring a triazolopyrimidine derivative and different 

aliphatic or aromatic amines as auxiliary ligands against 

promastigote and amastigote forms of L. infantum and 

Leishmania braziliensis; the results showed that these complexes 35 

are not toxic to J774.2 macrophages40, despite the general 

toxicity of Ni.41 Other studies investigated the activity of 

TiO2@Ag nanoparticles (TiAg-NPs) against L. infantum and L. 

tropica in the presence of visible and non-visible light; these 

nanoparticles reduced the survival of L. infantum amastigotes 40 

inside macrophages in a concentration-dependent manner under 

both visible and non-visible light, although stronger effects were 

observed under visible light. Exposure to a low concentration (5 

µg mL-1) of TiAg-NPs under non-visible light showed no effect 

on amastigotes, similar to the control; however, at the same 45 

concentration but under visible light, TiAg-NPs inhibited 

amastigotes of L. infantum 3–5 times more effectively.42 

Table 2 shows the quantification of Sb in macrophages exposed 

to NPC0, NPC3, and NPC5 for 24 or 48 h and the respective Sb 

content increase relative to the control. All macrophages exposed 50 

to NPCs containing Sb showed a high cellular uptake of Sb, the 

highest levels being obtained with NPC5. After treatment for 48 

h with NPC0, cellular levels of Sb were below the quantification 

limit, similar to the Sb levels in controls. After 24 h, Sb levels in 

macrophages treated with NPC3 were lower than those in cells 55 

treated with NPC5. However, after 48 h, the cellular Sb levels 

did not differ significantly in macrophages treated with NPC3 

and NPC5.  

Macrophages incubated with NPC5 exhibited a 47% reduction in 

cellular Sb concentrations between 24 and 48 h; by contrast, Sb 60 

concentrations decreased by only 19% over this period in 

macrophages treated with NPC3.The uptake of Sb by 

macrophages was observed within the first 24 h of interaction 

and this was followed by a reduction in the cellular Sb level over 

time, and the results suggested distinct elimination rates for the 65 

NPCs tested. The concentration of Sb in macrophages ranged 

from 3,596 µg L-1 (NPC5, 24 h) to 750 µg L-1 (NPC3, 48 h). 

NPC5 promoted a higher uptake of Sb at 24 h than the other 

nanoparticles did likely because the input concentration of Sb 

was 5 times higher, although Sb was also lost from the 70 

macrophages more rapidly by 48 h. The intracellular Sb level 

over time was more stable with NPC3 than with NPC5: the 

values varied within 20% of the input Sb concentration. These 

data suggest that distinct NPCs affect the intracellular Sb content 

differently. In several previous studies, Sb(III) levels after 75 

Glucantime exposure have been measured using different 

techniques,43-50 but few studies have measured Sb(III) and Sb(V) 

levels in macrophages. Previous studies have quantified Sb(III) 

and Sb(V) levels in promastigotes and amastigotes of L. 

mexicana pifanoi by using absorption spectroscopy with 80 

electrothermal atomization.29 This assay was also used here to 

characterize Sb(III) and Sb(V) influx and efflux kinetics. Influx 

rates were determined at antimony concentrations that produced 

a 50% inhibition of growth (IC50). The influx rates of Sb(V) into 

amastigotes and promastigotes were 4.8 and 12 pg/million 85 

cells/h, respectively, at an Sb concentration of 200 µg mL-1. The 

influx rate of Sb(III) into amastigotes was 41 pg/million cells/h at 

an Sb concentration of 20 µg mL-1. The influx of Sb(III) into 

Page 5 of 11 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

promastigotes at an Sb concentration of 1 µg mL-1 was rapid and 

reached a plateau of 175 pg/million cells in 2 h. The efflux of 

Sb(III) and Sb(V) from amastigotes and promastigotes exhibited 

biphasic kinetics: The initial (α) half-lives of Sb(V) and Sb(III) 

efflux were <4 min and 1–2 h, respectively, and the apparent 5 

terminal (β) half-lives ranged from 7 to 14 h. The highest 

concentration of intracellular Sb previously reported, 

approximately 90 µg L-1, was measured in Mono Mac 6 human 

macrophages exposed to Sb(V) in the form of sodium 

stibogluconate (Pentostam).51 By comparison, we observed 10 

considerably higher intracellular Sb concentrations in our work. 

In macrophages exposed to Sb-containing NPCs, Sb retention 

could potentially occur in a manner similar to that previously 

described in the case of polysaccharide and potassium antimony 

tartrate Sb(III) or sodium stibogluconate Sb(V) in Leishmania-15 

infected WR120 macrophage J774 cultures. After only 4 h, 

macrophages accumulated large amounts of Sb, which was 

retained intracellularly for at least 3 days, demonstrating a 

potential role of the cells as an Sb reservoir.52 These cells are also 

commonly used as a target for testing potential therapeutics 20 

against leishmaniasis because of the cells’ role as amastigote 

cleaners.53-54 Nanoparticle-mediated targeting of Sb to 

macrophages could decrease the systemic side effects and also 

increase the efficacy of the treatment, and this has been 

demonstrated using several Sb-containing nanoparticles. 25 

Antimony encapsulated in liposomes was nearly 700 times more 

active than the non-encapsulated metallodrug.55 Moreover, 

sodium stibogluconate encapsulated in tuftsin-bearing liposomes 

was at least 200 times more effective against L. donovani 

infection in hamsters than the non-encapsulated drug, which was 30 

effective only after 28 days of treatment.56 

Despite the aforementioned benefits, the use of liposomes 

presents drawbacks such as the capture of liposomal preparations 

primarily by the liver, the limited efficiency of Sb encapsulation 

in vesicles, and possible side effects due to specific lipid 35 

components.57 Therefore, other formulations have been 

investigated as promising alternatives for use as novel 

therapeutics. These formulations include amphiphilic complexes 

of Sb(V) and NPCs, which were designed for treating visceral 

leishmaniasis which have advantages compared to Glucantime.58 40 

The results of MTT assays demonstrated that NPCs do not affect 

the viability of murine macrophages; moreover, the 

remobilization of the constituent elements present on the NPC 

structure (Mg, P, Cl, Ca, and eventually Sb) did not 

demonstrably affect the metabolic activity of macrophages. 45 

These data confirm previous reports of calcium phosphate 

nanoparticles being compatible with the maintenance of cell 

viability.21,34,36 

When Glucantime was used at the highest tested dose (450 ng 

mL-1), which is close to the IC50 reported by Tempone et al.,27 50 

the percentage of infected cells was decreased over the 

experimental period, from 10% at 24 h to nearly 60% after 72 h 

(Fig. 4). Similar results were obtained with NPC0 at a low 

concentration of 20 µg mL-1. NPC3 also reduced the percentage 

of infected cells, which ranged from 40% at 24 h to nearly 80% 55 

after 72 h. These results suggest that the presence of Sb in NPC3 

enhanced the leishmanicidal activity of the nanoparticles. 

Moreover, the effects of NPC treatment were stronger at earlier 

exposure times.  

Few studies have compared the efficacy of nanocarriers carrying 60 

or not leishmanicidal substances in reducing infections over time. 

In addition to the increased efficacy of nanocarried drugs 

demonstrated previously, the lack of toxicity observed with 

NPC0 and NPC3 highlights the safety of these 

treatments.39,40,59,60 Glucantime did not significantly affect 65 

amastigote infection rates after 24 h (Fig. 5). However, after 48 

h, the percentages of cells containing 6–10 and >10 amastigotes 

were reduced at all concentrations and the percentage of 

uninfected macrophages increased in a dose-dependent manner, 

reaching 40% at the highest concentration tested (450 ng mL-1). 70 

After 72 h, the percentage of cells containing 6–10 amastigotes 

was reduced and the percentage of uninfected macrophages was 

increased in a dose-dependent manner and reached 50% at the 

highest concentration tested (450 ng mL-1). As shown in Fig. 5, 

NPC0 treatment for 24 h of macrophages infected with L. 75 

infantum reduced the percentage of macrophages containing >10 

amastigotes and increased the percentage of uninfected 

macrophages. After 48 h, the percentage of macrophages 

containing 6–10 or >10 amastigotes was reduced, and the 

percentage of uninfected macrophages was increased to ~60%. 80 

Similar results were observed after 72 h. NPC3 treatment 

reduced the percentage of macrophages containing 6–10 and >10 

amastigotes and increased the percentage of uninfected 

macrophages, which was ~40% at the lowest concentration (20 

µg mL-1) after 24 h (Fig. 5). After 48 h, the percentages of 85 

macrophages containing 1–5, 6–10, and >10 amastigotes were 

reduced and the percentage of uninfected macrophages was 

increased to ~55% at the lowest concentration (20 µg mL-1). 

After 72 h, the percentage of macrophages containing 1–5, 6–10, 

and >10 amastigotes was reduced (at 60 and 180 µg mL-1), and 90 

the percentage of uninfected macrophages was increased to 

~70% at the highest concentration tested (180 µg mL-1). 

 

 
 

95 

 

 

 

 

Page 6 of 11Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

Fig. 5. Rates of macrophage infection by L. infantum amastigotes as a function of the concentrations of NPC0 and NPC3 (µg mL-1) and 

Glucantime (ng mL-1) after incubation for 24, 48, and 72 h. The labels a, b, c, and d indicate significant differences between points in the 

same category; two-way ANOVA with post-hoc Bonferroni test, p < 0.05. 

 5 

 

 

 

 

Table 2. Antimony amounts (µg L-1) added to cultures at time 0 h and obtained from 5 × 105 murine peritoneal macrophages after 10 

incubation with NPC0, NPC3, NPC5, and controls for 24 and 48 h. The total amounts of Sb added to cultures and the rates of Sb 

internalization into macrophages after incubation for 24 and 48 h are presented. 

 

“nd”: not determined; superscripts a, b, c, and d: significant differences between points in the same category, two-way ANOVA with 15 

post-hoc Bonferroni test with – log (y) transformed data, p < 0.05. Mean values are presented. 

NPC0 and NPC3, at all concentrations tested, exhibited 

leishmanicidal activity against L. infantum amastigotes at 24, 48, 

and 72 h. These results indicate that the effects of NPCs are not 

associated only with the Sb content, despite a correlation 20 

between Sb levels and the treatments with Glucantime (Sb: 

33.20, 99.75, and 299.25 ng mL-1) and NPC3 (Sb: 14, 42, and 

125 ng mL-1). These data suggest that solubilized ions from 

NPCs can affect the cellular metabolism of both the host cell and 

amastigotes. The effects at a low NPC3 concentration (20 µg mL-
25 

1), were similar to those observed at 60 and 180 µg mL-1, and 

dose-dependent effects were only observed after 24 h.

Treatment 

 

0 h 

Sb added  

24 h 48 h 

 

Rate of Sb 

internalization, 24 h 

Rate of Sb 

internalization, 48 h 

Control nd 33.5 a 30.7 a nd nd 

NPC0 37.8 a nd 28.7 a nd nd 

NPC3 4,168 c 919.9 b 750.1 b 0.22 0.18 

NPC5 21,745 d 3596.0 c 1912.0 b 0.16 0.09 
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Fig. 6. Light microscopy images of macrophages infected with L. 

infantum after incubation for 24 h. Amastigotes appear as 

basophilic dots in the cytoplasm of these Panótico-stained 5 

macrophages. Control (A), Glucantime at 50 ng mL-1 (B), and 

NPC0 (C), NPC3 (D), and NPC5 (E) at 60 µg mL-1. 

 

 

These data suggest that because of Sb retention, the low dose can 10 

produce a similar effect as the higher doses. By using light 

microscopy, we were able to identify infected murine 

macrophages that contained internalized L. infantum amastigotes. 

No morphological changes relative to control were observed in 

these cells as a result of Glucantime or NPC treatment (Fig. 6).  15 

NPC3 internalization by macrophages was confirmed using 

SEM-associated techniques (Fig. 7 and S1-S5, ESI†). By using 

secondary electrons, we could clearly observe macrophage 

membrane covering the spherical nanostructures. Nanostructures 

were present at all time-points analyzed and preferentially 20 

localized to the distal portion of macrophages. Structures 

resembling spherical NPCs were rarely observed outside the 

macrophages, which reflected the active internalization of 

nanoparticles. Electron micrographs acquired using backscattered 

electrons confirmed the intracellular distribution of NPCs. 25 

NPC0, whose composition did not include Sb, likely showed an 

effect against L. infantum due to the release of its ionic 

constituents inside macrophages. Phosphorous in the form of 

pyrophosphates, orthophosphates, or polyphosphates has been 

associated with cellular power generation mechanisms and could 30 

be related to the maintenance of cell viability, and no deleterious 

effects have been reported due to an increase in the intracellular 

concentration of these compounds.61-67 Similarly, increasing the 

concentration of Sb(V) does not appear to affect macrophages, as 

observed in THP-1-lineage macrophages.68 This behavior of 35 

Sb(V) differs from the behavior of both intracellular Sb(III) and 

Ca. Several of the side effects and the toxicity of Sb-based drugs 

are related to the concentration of Sb(III), which is highly toxic. 

The viability of THP-1 macrophages is reduced to 50% at an 

Sb(III) concentration of 20 µg mL-1.68 Currently, Sb(V) is 40 

hypothesized to act as a pro-drug, which is converted to Sb(III) 

inside acidic intracellular vacuoles (parasitophorous vacuoles in 

infected cells) such as macrophages. Sb(III) affects the enzymatic 

activity of the parasite, and this leads to trypanothione depletion 

and susceptibility to macrophage nitric oxide (NO) which is 45 

synthesized from arginine and O2 by NO synthase.. These events 

lead to parasite membrane disruption through peroxidation and 

the release of intracellular Ca stores, which frequently result in 

apoptosis.7,69-74 We cannot rule out the possibility that the same 

mechanisms are induced after the internalization and dissolution 50 

of NPCs by macrophages, given that the introduction of Sb(V) 

into NPCs allows the delivery of Sb(V) into cells in which the 

parasite is internalized. Moreover, several macrophage 

mechanisms associated with parasite elimination depend on Ca+2 

release from their own cellular stores. In phagocytosis, free 55 

  
 
Fig. 7. Scanning electron micrographs of infected macrophages 

incubated with NPC3 (60 µg mL-1); images were obtained after 

24, 48, and 72 h of interaction. Typical secondary electron 60 

micrographs from the surface of macrophages are shown in A, C, 

and E. In electron micrographs acquired with backscattered 

electrons, NPCs appear as white dots inside macrophages (B, D, 

and F). 

 65 

 

intracellular Ca+2 is required for the uptake of particles, 

phagosome maturation, cytoskeletal rearrangement, intravacuolar 

release of H+, NADPH oxidase complex activation, and the 

generation of NO (oxidative burst).75-80 These processes are 70 

initiated by the activation of phospholipase C and/or D by Fc 

receptors and/or complement receptors through store-operated 

calcium entry channels, which induce Ca+2 release. 

Promastigotes can transiently prevent the fusion of phagosomes 

and lysosomes and thereby delay or inhibit endosomal 75 

maturation, as reflected by the late expression of Rab7 and 

LAMP-1.81,82 Furthermore, lipophosphoglycan from Leishmania 

promastigotes inhibits endosome maturation by inducing 

periphagosomal F-actin accumulation83 and prevents the 

acidification of phagosomes by interfering with the V-ATPase 80 

pump, and this allows promastigotes to differentiate into resistant 

amastigotes.84 Conversely, NPC-induced Ca remobilization could 

block these processes and act as an adjuvant to the elevation of 

intracellular Ca+2, and thus suppress Ca-dependent evasion 

mechanisms. The elevation of Ca inside vacuoles could 85 

potentially increase the apoptosis of parasites. 
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Conclusions 

In this study we suggest that water-stable NPCs synthesized 

containing pyrophosphate, calcium, and magnesium and with or 

without antimony become soluble after macrophage uptake. The 

ionic constituents of the NPCs released inside the macrophages 5 

probably participate in the resolution of the parasitic processes 

examined here that occur within murine macrophages infected 

with L. infantum. 
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