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Introduction: The current therapeutic armory for visceral leishmaniasis (VL) caused by 
Leishmania donovani complex is inadequate, coupled with serious limitations. Combination 
therapy has proved ineffective due to mounting resistance; however, the search for safe and 
effective drugs is desirable, in the absence of any vaccine. There is a growing interest in the 
application of nanoparticles for the therapeutic effectiveness of leishmaniasis. Aimed in this 
direction, we assessed the antileishmanial effect of gold nanoparticles (GNP) against 
L. donovani in vitro.
Methods: GNP were synthesized and characterized for particle size by dynamic light 
scattering (DLS) and atomic force microscopy (AFM) and for optical properties by UV- 
visible spectroscopy. Cytotoxicity of GNP was measured by the MTT proliferation assay. 
The antileishmanial activity of the nanoparticles was evaluated against L. donovani promas-
tigotes and macrophage-infected amastigotes in vitro.
Results: GNP showed a strong SPR peak at 520 nm and mean particle size, polydispersity 
index (PDI), and zeta potential of 56.0 ± 10 nm, 0.3 ± 0.1 and −27.0 ± 3 mV, respectively. 
The GNPs were smooth and spherical with a mean particle diameter of 20 ± 5 nm. 
Nanoparticles [1.2–100 µM] did not reveal any cytotoxicity on RAW 264.7 murine macro-
phage cell line, but exerted significant activity against both promastigotes and amastigote 
stages of L. donovani with 50% inhibitory concentrations (IC50) of 18.4 ± 0.4 µM and 5.0 ± 
0.3 µM, respectively. GNP showed significant antileishmanial activity with deformed mor-
phology of parasites and the least number of surviving promastigotes after growth reversi-
bility analysis.
Conclusion: GNP may provide a platform to conjugate antileishmanial drugs onto the 
surface of nanoparticles to enhance their therapeutic effectiveness against VL. Further 
work is warranted, involving more in-depth mechanistic studies and in vivo investigations.
Keywords: gold nanoparticles, surface plasmon resonance, visceral leishmaniasis 
L. donovani, promastigotes, amastigotes

Introduction
Leishmaniasis encompasses a complex spectrum of diseases ranging from cuta-
neous, mucocutaneous to visceral forms depending on the infecting species. 
Visceral leishmaniasis (VL) is characterized by prolonged fever, hepatosplenome-
galy, substantial weight loss, anemia, pancytopenia, and hypergammaglobulinemia, 
and is the most severe of the various clinical forms of leishmaniasis. This vector- 
borne disease is caused by Leishmania donovani complex, which includes 
L. donovani and Leishmania infantum (also known as Leishmania chagasi in 
South America). In India, VL or kala-azar is mainly caused by L. donovani species 
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and represents 50% of the global burden of this neglected 
disease of poverty that can be 100% fatal in less than two 
years, if left untreated. In addition, there are reports of 
outbreaks in low- and non-endemic zones.1–3 Treatment of 
VL relies mainly on pentavalent antimonials, amphotericin 
B, liposomal amphotericin B, miltefosine, paromomycin 
or their combinations.4 The limitations of present che-
motherapeutics include toxicity, noncompliance, pro-
longed and a cumbersome regimen that is unaffordable 
to the rural population, increasing antimonial resistance, 
complications of post kala-azar dermal leishmaniasis 
(PKDL), and HIV-coinfections.5 Combination therapy 
has proved to be useful over monotherapy in reducing 
the dose of the drug and hence toxicity;6 nonetheless, 
improved therapy is required in the absence of any vac-
cine. Furthermore, since the parasites reside mainly in 
phagolysosomal vacuoles within the macrophages, che-
motherapy using present antiparasitics is difficult. 
Nanoparticulate materials are powerful tools to reach the 
therapeutic target that is otherwise difficult to attain 
through common procedures.7 Due to the low rate of 
discovery of antileishmanial drugs, researchers have 
focused mainly on modulating the delivery of existing 
drugs.8 In the case of leishmaniasis, nanoparticles such 
as nanoemulsions and liposomes have been shown to be 
useful as they increase the bioavailability and reduce the 
toxicity of loaded antileishmanial drugs.9,10

Metallic nanoparticles offer promise as an alternative 
approach to replace or complement the present antibiotics, 
especially in the therapy of infectious diseases.11,12 Studies 
on the antibacterial action of metal nanoparticles have 
provided encouraging results.13,14 The anti-trypanosomal 
activity of silver, gold, and platinum nanoparticles has also 
been explored.15 Research on metal nanoparticles and 
metallic compounds for the treatment of leishmaniasis is 
gaining ground due to the fact that these compounds 
inhibit trypanothione metabolism enzymes that are impor-
tant for the survival of Leishmania.16 Auranofin, a drug 
containing gold has been reported to kill promastigotes of 
L. infantum by targeting trypanothione reductase.17 The 
inhibitory activity of silver nanoparticles against 
L. infantum has been reported to be mediated by its effect 
on trypanothione reductase.18 In one investigation, the 
clinical use of zinc sulfate was found to be as effective 
as glucantime for the treatment of cutaneous 
leishmaniasis.19 In another study, the antileishmanial 
activity of platinum compound has been reported against 
Leishmania major.20 The leishmanicidal activity of zinc 

oxide nanoparticles against Leishmania tropica has also 
been observed.21 Silver and titanium oxide nanoparticles 
have shown remarkable antileishmanial activity against 
a few species of Leishmania.22,23 The small size and 
high surface area to volume ratio of nanoparticles allow 
them to interact with important components of infectious 
agents especially DNA and enzymes, rendering them 
nonfunctional.24

Gold nanoparticles (GNP) have been widely used as 
important tools in therapy, drug delivery, targeting, and 
imaging.25 Gold nanoparticles have been reported to exhi-
bit significant activity against L. major.26,27 Silencing of 
the gp63 gene in L. major followed by parasite killing has 
been observed with antisense oligonucleotides hybridized 
to GNP.28 Nanogold with antileishmanial molecules has 
been reported against CL29 as well as VL.30 Different 
drugs or bioactive compounds have been conjugated 
with GNP to enhance their delivery to the target site. 
Surface functionalized GNP via quercetin,31 gallic acid32 

and kaempherol33 have shown improved activity against 
L. donovani. However, in these studies, the activity was 
tested against axenic amastigotes and macrophage- 
infected axenic amastigotes. Axenic amastigotes do not 
represent true intracellular amastigotes within the macro-
phages. When macrophages are infected with promasti-
gotes that transform into amastigotes, the natural infection 
is mimicked. Macrophage-infected amastigotes are a more 
elaborate and physiologic model for drug testing com-
pared to axenic amastigotes.34,35 Moreover, activity 
against axenic amastigotes does not always correlate 
with efficacy against the parasite in its intracellular 
niche.34

Furthermore, in earlier studies, side effects were 
observed against peritoneal macrophages harvested from 
Swiss outbred mice after induction of thioglycollate. 
Inflammatory thioglycollate potentiates the activation of 
macrophages. Therefore, RAW 264.7 murine macrophage 
cells were used as model phagocytes in our study. There 
are also reports on the activity of green synthesized GNP 
against L. donovani36 but, the activity was evaluated 
against the promastigote forms alone. An effective antil-
eishmanial drug should be active against both the morpho-
logical stages of the parasite. Furthermore, loss of activity 
of biosynthesized nanoparticles has also been 
reported.37,38 At present, there are no reports on the antil-
eishmanial effect of GNP alone against L. donovani pro-
mastigotes and amastigotes in vitro. In this study, we 
evaluated the antileishmanial potential of GNP against 
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L. donovani promastigotes and macrophage-infested 
amastigotes.

Materials and Methods
Animals and Cell Lines
Six-eight weeks old female BALB/c mice (weighing about 
25–30 g), obtained from the Central Animal House 
Facility, Jamia Hamdard, were used to maintain the 
Leishmania parasites. Ethics approval for the study 
(Approval No. 458) was sought from Jamia Hamdard 
Animal Ethics Committee, which followed the guidelines 
laid down by the Committee for the Purpose of Control 
and Supervision of Animal Experiments, Ministry of 
Empowerment and Social Justice, Government of India. 
The use of the murine macrophage cell line, RAW 264.7 (a 
kind gift from Dr. B.S. Dwarakanath, INMAS, New 
Delhi), had approval from the ethics review board.

Parasite Culture
The Indian strain of L. donovani (MHOM/IN/83/AG83) was 
routinely passaged in BALB/c mice and, after transforma-
tion, was cultured at 22°C in M199 supplemented with 10% 
heat-inactivated FBS, HEPES (25 mM), L-glutamine (2 
mM), penicillin G (100 IU mL−1) and streptomycin (100 
µg m−1) at an average density of 2×106 cells mL−1.39

Synthesis of Gold Nanoparticles (GNPs)
GNPs were synthesized by the microwave-assisted heating 
method via a chemical reduction wherein, trisodium citrate 
dihydrate was used to reduce the HAuCl4.3H2O solution.40 

Briefly, 1mM tetrachloroaurate (HAuCl4.3H2O) solution 
was brought to a rolling boil in a microwave to which 
1% trisodium citrate dihydrate was quickly added in a 10:1 
ratio. The change in the colour of the suspension from pale 
yellow to brilliant red indicated the successful synthesis of 
GNP. The solution was cooled and then subjected to ultra- 
centrifugation to wash off the free citrate. The nanoparticle 
pellet was resuspended in nano-pure water and character-
ized by UV-visible spectroscopy, dynamic light scattering 
(DLS), and atomic force microscopy (AFM).

Characterization of Gold Nanoparticles 
(GNPs)
Surface Plasmon Resonance (SPR) Determination by 
UltraViolet (UV)-Visible Spectroscopy
The synthesized GNPs were analysed spectrophotometri-
cally at wavelength ranging from 200 to 800 nm using 

a UV-Visible spectrophotometer (Lamda 20, Perkin- 
Elmer) to determine the characteristic properties of surface 
plasmon resonance (SPR).41 The GNP concentration was 
adjusted to give an absorbance of less than 1. The synthe-
sized GNPs were further used for antileishmanial studies.

Particle Size Distribution and Zeta Potential by 
Dynamic Light Scattering (DLS)
The mean particle size and polydispersity index (PDI) of 
GNPs were estimated in a Malvern Zeta Sizer (Nano ZS, 
Malvern Instruments Inc. Worcestershire, UK) using the 
DLS technique at a scattering angle of 90° at 25°C. The 
sample of GNP was diluted with Milli-Q water and ana-
lyzed in triplicate.

The zeta potential (ζ) of the nanoparticles was also 
measured by a zetasizer at room temperature. The diluted 
GNPs were placed in an electrophoretic cell and the data 
were acquired in triplicate.

Surface Morphology of Gold Nanoparticles (GNP) 
Using Atomic Force Microscopy
The surface morphology, shape and size of GNP were 
further visualized by the atomic force microscope (AFM, 
Veeco, Innova) in contact mode with the help of the silicon 
nitride nano probe cantilever, at a spring constant of 49 
N m−1.41 The obtained images were further analyzed and 
processed by Veeco SPM Lab analysis software.

In vitro Analysis of Cytotoxicity of Gold 
Nanoparticles (GNPs)
The cytotoxicity of GNP was evaluated in the RAW 264.7 
murine macrophage Cell line using MTT assay.42 In brief, 
2×105 Cells per well in RPMI 1640 medium were seeded 
in a flat bottom 96-well tissue culture plate for 24 h at 37° 

C in a CO2 incubator. The cells were incubated in triplicate 
with serial three-fold dilutions of GNP or pentamidine, 
starting from 100 µM at 37°C, 5% CO2. Macrophages 
without GNP or pentamidine were left as negative control. 
After 48 h of incubation, MTT (5 mg mL−1) was added to 
each well and on the formation of formazan crystals, the 
plate was centrifuged (2100 × g, 20 min, 4°C), the super-
natant carefully aspirated, and the crystals so formed were 
dissolved using DMSO:isopropanol (1:1). Using 
a microplate reader (Spectra max 450), the plate was 
read at 570 nm, with 690 nm as background. The result 
was represented as a percentage of viable Cells compared 
to the negative control and was calculated as follows:
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Cell viabilityð%Þ

¼

Mean absorbance of treated sample ð570 nmÞ
� Mean absorbance of treated sample ð690 nmÞ

Mean absorbance of untreated sample ð570 nmÞ
� Mean absorbance of untreated sample ð690 nmÞ

� 100 

In vitro Antileishmanial Activity of Gold 
Nanoparticles (GNPs) Against L. donovani 
Promastigotes
The growth kinetics of L. donovani promastigotes was 
studied by incubating promastigotes (2×106 cells mL−1) 
with GNP (75 µM) in M199 medium supplemented with 
10% FBS (complete medium). Pentamidine was added as 
a reference drug, while parasites in medium alone, without 
any drug or GNP, served as a control. Viable parasites 
were microscopically counted for 5 days and parasites 
without any motility were marked dead.43

To further confirm the leishmanicidal effect of GNPs, 
promastigotes after 7 days in culture, with or without 
treatment, were analyzed using a growth reversibility 
assay. Briefly, promastigotes were subjected to drug with-
drawal by washing twice with incomplete M199 medium 
(without FBS) and then resuspended in fresh complete 
M199 medium at 22°C for a further 4 days. The viable 
parasites were counted using a phase-contrast microscope 
with a 40x objective.43

Evaluation of the 50% Inhibitory 
Concentration (IC50) of Gold 
Nanoparticles (GNPs) for L. donovani 
Promastigotes
L. donovani promastigotes were incubated with serial two- 
fold dilutions of GNP (0–25 µM) and cultured at 22° 

C. Pentamidine was added as a standard antileishmanial 
drug. The untreated L. donovani promastigotes served as 
a parasite control. After 4 days, the parasites were enumer-
ated microscopically using a phase contrast microscope and 
the percent viability determined43 according to the formula:

Viability %ð Þ

¼
Average number of treated promastigotes per mL

Average number of untreated promastigote per mL
� 100 

The IC50 of GNP on promastigotes was calculated using 
a linear regression analysis.

Evaluation of Promastigote Morphology 
After Gold Nanoparticles (GNPs) 
Treatment
Morphology of L. donovani promastigotes with and with-
out GNP treatment was studied after 4 days in culture by 
enumeration under a phase-contrast microscope with 40x 
objective. For each sample, a minimum of 10 microscopic 
fields were observed and the images were taken using 
NIS-Elements imaging software.44

Anti-Amastigote Effect of Gold 
Nanoparticles (GNPs) ex vivo
L. donovani promastigotes were cultured in RPMI 1640 
medium prior to infecting the RAW 264.7 macrophage cell 
line. Briefly, 5×105 macrophages per cover slip were 
seeded in a 24-well tissue culture plate and left to adhere 
overnight in a CO2 incubator at 37°C. Adherent macro-
phages were incubated with stationary phase L. donovani 
promastigotes in a cell to parasite ratio of 1:10, for at least 
12 h at 37°C, 5% CO2. Non-phagocytosed promastigotes 
were gently aspirated by washing with incomplete RPMI 
1640 medium (without FBS) and infected macrophages 
were further incubated with GNP (1–15 µM) for 48 h at 
37°C, 5% CO2. Infected macrophages that were not treated 
were left as a control. The cover slips were then fixed, 
Giemsa stained and a minimum of 200 macrophages per 
cover slip were microscopically enumerated to determine 
the number of infected macrophages and the number of 
intracellular amastigotes.42 The mean percent infection 
was calculated using the following formula:

Infection %ð Þ

¼
Number of amastigotes per 200 macrophages ðtreated groupÞ
Number of amastigotes per 200 macrophages ðinfected groupÞ

� 100 

The IC50 of GNP on amastigotes was determined using 
a linear regression analysis. The percentage of infected 
macrophages was also analyzed according to the following 
formula:

Infected macrophage %ð Þ

¼

Number of infected macrophage per 200 macrophages
treated groupð Þ

Number of infected macrophages per 200 macrophages
infected control groupð Þ

� 100 

Statistical Analysis
All data were represented as mean ± standard error (SE) of 
samples in triplicate and were from one of three 
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independent experiments. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) using 
the graph pad InStat. P-values of <0.05 were considered 
statistically significant.

Results
Synthesis and Characterization of Gold 
Nanoparticles (GNPs)
GNPs were successfully synthesized via a simple chemical 
reduction by mixing an aqueous solution of trisodium 
citrate dihydrate with a microwave-heated HAuCl4 solu-
tion. A brilliant red suspension of GNPs was formed after 
complete reduction of Au3+ ions to Au0 during the reac-
tion. UV-visible absorption spectra revealed the presence 
of a prominent SPR peak at 520 nm, indicating the forma-
tion of spherical GNPs (Figure 1A). The position of SPR 
peak varies depending on the particle size, shape, and 
dielectric constant of the surrounding medium. The mean 

hydrodynamic diameter and PDI of GNP were 56.0 ± 10 
nm and 0.3 ± 0.1, respectively, as determined by DLS 
(Figure 1B). The zeta potential, which dictates the stability 
of GNP, was found to be −27 ± 3 mV (Figure 1C). The 
presence of uniform negative charge on the surface of 
synthesized GNP imparts high stability to these nanopar-
ticles, thus preventing their aggregation. For further mor-
phological analysis, GNPs were vacuum dried onto clean 
glass round cover slips (18 mm) and observed under AFM. 
The AFM images revealed that the synthesized GNP had 
an average particle size of 20 ± 5 nm and were spherical 
with a smooth surface (Figure 1D).

In vitro Cytotoxicity of Gold 
Nanoparticles (GNPs)
The dose-dependent cytotoxicity of the synthesized GNP in 
macrophage cell lines (RAW 264.7) was assessed using the 
MTT assay. The cells were incubated with different 

Figure 1 Characterization of GNP (A) absorption spectra showing the surface plasmon resonance peak, (B) size distribution pattern, (C) zeta potential measurement 
graph, (D) microscopic image showing the morphological depictions of nanoparticles by AFM at contact mode.
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concentrations of GNP for 48 h at 37°C, 5% CO2 while the 
pentamidine (as a reference antileishmanial drug) treated 
cells served as a positive control. The untreated RAW 
264.7 cells (negative control) showed 100% formazan crys-
tal formation upon subsequent addition of MTT. GNP 
exhibited negligible toxicity even at 100 µM unlike penta-
midine, resulting in a significant decrease in cell viability 
(Figure 2). The cytotoxicity data revealed that GNPs have 
excellent biocompatibility in macrophage cell lines.

Antileishmanial Effect of Gold 
Nanoparticles (GNP) on L. donovani 
Promastigotes
Time-Dependent Killing of L. donovani Promastigotes
The growth kinetics of L. donovani promastigotes were 
studied after incubation with GNPs and pentamidine for 5 
days. L. donovani growth decreased significantly and cell 
density reached zero within 5 days of incubation with 
GNPs (75 µM), whereas all parasites were not-motile 
within 48 h after pentamidine treatment. The untreated 
parasites proliferated at a normal rate (Figure 3A).

Growth Reversibility Assay
Seven days after incubation with GNPs, the parasites were 
washed and cultured in fresh M199 medium for a further 4 
days. The GNP-treated parasites showed a slight reversal 
of growth, whereas the untreated control promastigotes 
exhibited visible reversibility. This confirmed the 

antileishmanial effect of GNP as also observed with pen-
tamidine (Figure 3B).

Dose-Dependent Killing of L. donovani Promastigotes
GNPs demonstrated a dose-dependent activity on 
L. donovani promastigotes. The 50% inhibitory concentra-
tion (IC50) was calculated by linear regression analysis of 
the plot between percent viability versus nanoparticle con-
centration after 4 days of incubation of promastigotes with 
GNPs or pentamidine (Figure 3C). The IC50 of GNP and 
pentamidine in promastigotes was found to be 18.4 ± 0.4 
µM and 3.5 ± 0.2 µM, respectively (Table 1).

Morphology of Gold Nanoparticles (GNP)-Treated 
Promastigotes
The cellular morphology of the parasites studied by phase 
contrast microscopy confirmed that the promastigotes were 
shrunken, round, and non-motile upon incubation with GNPs 
and pentamidine in contrast to the untreated control parasites 
that were elongated, slender, and motile (Figure 3D).

Antileishmanial Activity of Gold 
Nanoparticles (GNP) Against L. donovani 
Amastigotes
The effect of GNP on macrophage-infected amastigotes was 
investigated and compared with the standard antileishmanial 
drug pentamidine. The percent infection by amastigote (with 
respect to the infected control) upon treatment with GNPs is 
presented in Figure 4A. GNPs were effective against the 
amastigote form of the parasites with IC50 of 5.0 ± 0.3 µM, 
which was close to that of pentamidine having IC50 of 1.5 ± 
0.7 µM (Table 1). GNP at a concentration of 15 µM reduced 
infected macrophages to around 10% compared to untreated 
infected control (Figure 4B).

Discussion
There is a dire need to develop new therapeutic modalities 
for the treatment of VL. Exploring nanoparticles is one 
way to overcome the problem of drug resistance and 
toxicity of antileishmanial compounds on healthy 
cells.10,45 The high surface area to volume ratio of nano-
particles may lead to an increase in the area of contact 
with parasites to mediate the antileishmanial effect.24 The 
limitations of current therapeutic drugs coupled with the 
absence of any effective vaccine and the remarkable activ-
ity of GNP against various Leishmania species27,28,46 

prompted us to investigate its potential against 
L. donovani. Few studies have investigated the efficacy 

Figure 2 Cytotoxicity of gold nanoparticle on RAW 264.7 macrophage cell line by 
MTT assay. Pentamidine was used as a reference antileishmanial drug. Macrophages 
alone served as a negative control. Data (n=3) are represented as mean ± SE. 
Significance is calculated as ***P < 0.001, pentamidine versus negative control.
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of GNP against the visceralizing species, L. donovani. In 
one study, it has been tested against the axenic 
amastigotes32 and in another against the promastigotes.36 

However, the intracellular macrophage-amastigote model 
is so far the gold standard in the search for in vitro antil-
eishmanial drug screening, as it involves the host cell- 
mediated effects,47 including macrophage’s microbicidal 
activities.48 With axenic amastigotes, the natural niche of 
the parasite is absent, unlike the macrophage-infected 

amastigotes.49 Pentavalent antimonials have been reported 
to show antileishmanial activity only against intracellular 
amastigotes, as reduction to trivalent antimonials, critical 
for leishmanicidal activity, occurs only with fully differ-
entiated intramacrophagic amastigotes.50 On the contrary, 
free-living axenic amastigotes have been reported to retain 
some promastigote-like traits and therefore require contin-
uous monitoring for amastigote-like features and have also 
been found to contribute to high false-positive rates in 
drug sensitivities.50 Furthermore, the IC50 values for intra-
macrophagic amastigotes have been reported to be much 
higher than those for the axenic amastigotes.34,35

In this study, we synthesized and characterized citrate- 
stabilized GNP and assessed its potential as an antileish-
manial agent in vitro against L. donovani. The GNP 
showed a strong surface plasmon band at 520 nm that 
falls in the visible range, thus confirming the synthesis of 
nanoparticles.51 The hydrodynamic diameter, PDI and zeta 
potential of the synthesized GNP were 56.0 ± 10 nm, 0.3 ± 

Figure 3 Antileishmanial activity of gold nanoparticles against L. donovani. (A) Time-dependent activity of gold nanoparticle or pentamidine (75 µM) against promastigotes 
compared to untreated parasite control, (B) growth reversibility assay at 4 days in fresh medium after the withdrawal of spent culture medium, (C) dose-dependent killing of 
L. donovani promastigotes by gold nanoparticles or pentamidine, (D) cellular morphology of treated promastigotes at 40× magnification. All data (n=3) are represented as 
mean ± SE. Significance is represented as ***P < 0.001 versus untreated parasite control.

Table 1 Effect of GNP on L. donovani Promastigotes and 
Amastigotes

Test 
Sample

IC50 (µM) 
Promastigotes

IC50 (µM) 
Amastigotes

GNP 18.4 ± 0.4 5.0 ± 0.3
Pentamidine 3.5 ± 0.2 1.5 ± 0.7

Notes: IC50 values of GNP and pentamidine (a reference antileishmanial drug) on 
the promastigote and amastigote forms of L. donovani are shown. Data (n=3) is 
represented as mean ± SE.
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0.1 and −27.0 ± 3 mV, respectively. The zeta sizer mea-
sures the hydrodynamic size; therefore, to reveal the accu-
rate size of GNPs, atomic force microscopy was carried 
out. The AFM data revealed that the GNPs were spherical 
in shape, having a smooth morphology and the average 
size of the GNPs was around 20 ± 5 nm, that is, about two 
times smaller when analyzed by AFM compared to DLS.

The important finding is that GNP exerted significant 
antileishmanial activity against extracellular promastigotes 
and intracellular amastigotes. There was a decrease in the 
proliferation of L. donovani promastigotes upon incuba-
tion with increasing concentrations of nanoparticles. GNPs 
inhibited promastigote growth in a time-dependent manner 
and the number of parasites approached zero within 5 
days, in contrast to untreated control promastigotes that 
proliferated at a normal rate. The treated promastigotes 
after the withdrawal of GNPs and culture in fresh M199 
medium for 4 days showed scrimpy growth compared to 
the untreated promastigotes, corroborating the antileishma-
nial effect of GNP, as also observed with pentamidine. 
Pentamidine, the second line of treatment for the various 
forms of leishmaniasis, was used as the reference drug in 
our studies. Phase-contrast microscopic images of 
L. donovani promastigotes treated with GNP demonstrated 
certain morphological changes that were very similar to 
the signs of programmed cell death.23 The treated promas-
tigotes became aflagellated, oval, or round and shrunken in 
contrast to the untreated parasites. We also demonstrated 
a potent activity of GNPs against intracellular amastigotes 
of L. donovani (IC50 5.0 ± 0.3 µM), which was 3.6 times 

less compared to that on promastigotes (IC50 18 ± 0.4 
µM). Thus, the amastigote forms of the parasites were 
more susceptible to GNPs.

It is a well-established fact that the uptake of GNPs, as 
well as toxicity within the cells, depends on the size, 
shape, and surface functionality. In the case of macro-
phages, endocytosis is the most effortless and energetically 
favored pathway for uptake of nanoparticles. Receptor- 
mediated endocytosis has been reported for the entry and 
transport of GNPs into cells.52 The “rule of thumb” states 
that particles larger than 200 nm are internalized through 
phagocytosis, while particles smaller than 200 nm enter 
through micropinocytosis.53 Since the synthesized GNPs 
in our study are less than 100 nm, they are likely to enter 
macrophages via pinocytosis.54 However, phagocytosis or 
pinocytosis, or both, may have been involved in the uptake 
of GNPs.55

Additionally, it was observed that macrophages exposed 
to GNPs did not generate nitric oxide (NO), the major micro-
bicidal molecule (data not shown). Gold atoms are known to 
exhibit a low reactivity, in particular, regarding oxidation by 
dissolved oxygen. Thus, less free ions are released from 
GNPs and fewer reactive oxygen species (ROS) are gener-
ated. Consequently, ROS generation and ion release are 
supposed to play a subordinate role in activity of GNPs, 
while direct interaction with the cell membrane and binding 
to intracellular components may represent the key mechan-
isms of GNP activity.56 The absence of ROS has also been 
observed in the GNP-mediated killing of bacterial cells.57 On 
the contrary, the NO-mediated immunomodulatory effect of 

Figure 4 Antileishmanial activity of the gold nanoparticles against L. donovani amastigotes (A) dose-dependent activity of gold nanoparticle or pentamidine on L. donovani 
amastigotes presented as amastigote infectivity (percentage of infected control), (B) infected macrophages (percentage of infected control) at 15µM GNP. All the data (n = 3) 
are represented as mean ± SE. ***P < 0.001 with respect to the untreated infected control.
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L. amazonensis-infected macrophages has been reported to 
induce leishmanicidal activity by silver nanoparticles.23 

Bimetallic gold-silver nanoparticles have been found to 
induce antileishmanial activity against L. donovani by apop-
tosis-like death and ROS generation.58 We conclude ROS- 
independent killing of Leishmania parasites by GNPs, which 
may be mediated by apoptosis.

Direct adherence of nanoparticles to the cell surface 
causing disruption of cell membrane has also been 
suggested.56 GNPs have been reported to damage proteins 
and organelles after cellular entry. GNPs may also induce 
the secretion of hypoxic macrophages. In the absence of 
oxygen, GNPs can aggregate within macrophages, low-
ering cell proliferation and can induce the activation of 
macrophage inflammasome, which promotes the inflam-
matory response.59 The high surface area-to-volume ratio 
and the small size of the nanoparticles enhances their 
interaction with microbes and thus mediate a wide range 
of antimicrobial effects.60 The probable mechanism of 
antileishmanial activity of GNP may be due to the surface 
area of GNP in contact with L. donovani promastigotes 
and amastigotes, which can damage the membrane or bind 
to proteins or DNA, making them non-functional.61 The 
enhanced activity of GNP towards amastigotes may be due 
to more interaction of GNP with the cell surface receptors 
of amastigotes than with those of promastigotes. Our 
results also demonstrated that GNPs are devoid of cyto-
toxicity in the RAW 264.7 macrophage cell line. The 
ROS-independent mechanism of action of GNP partly 
explains the non-toxicity of GNP to mammalian cells.62,63

Thus, our study confirms the dose and time-depen-
dent antileishmanial effect of GNP against both forms 
of L. donovani: the promastigotes in vitro and intracel-
lular amastigotes ex vivo. GNP stands out as a new 
therapeutic option that can be considered for future 
in vivo investigations, depicting a potential treatment 
for VL. The leishmanicidal potential of functionalized 
silver nanoparticles also opens the door for the func-
tionalization of GNPs.64 The construction of nanogold 
with antileishmanial molecules could represent another 
effective strategy, as has been reported for CL.29 

Further,; the synergistic antileishmanial effect of 
nanoassemblies of chitosan-titanium dioxide loaded 
with glucantime,46 and Amphotericin B conjugated 
GNPs65 also open the possibility of exploring GNPs 
to complement existing antileishmanial chemotherapy 
at lower doses of drugs.

Conclusions
The GNP synthesized by the microwave-assisted heating 
method was evaluated for its activity against L. donovani 
and toxicity on the macrophage cell line. The ROS-inde-
pendent antileishmanial activity of GNP may have been 
mediated via parasite membrane disruption and/or apopto-
sis, which needs to be explored. Our in vitro results 
encourage the study of GNP against L. donovani in vivo 
and may have prospects in therapeutic applications of 
functionalized and/or drug conjugated GNP. However, 
a deeper understanding of the biological effects of GNPs 
is required to develop safe and effective nanomedicines.
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