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BACKGROUND AND PURPOSE
The aim of the present study was to evaluate the immunomodulatory and chemotherapeutic potential of alginate-(SA) coated
nanocapsule (NCs) loaded with doxorubicin (SA-NCs-DOX) against visceral leishmaniasis in comparison with nano-emulsions
containing doxorubicin (NE-DOX).

EXPERIMENTAL APPROACH
NE-DOX was prepared using low-energy emulsification methods. Stepwise addition of protamine sulphate and SA in a
layer-by-layer manner was used to form SA-NCs-DOX. SA-NCs-DOX, NE-DOX and Free DOX were compared for their
cytotoxicity against Leishmania donovani-infected macrophages in vitro and generation of T-cell responses in infected hamsters
in vivo.

KEY RESULTS
Size and ζ potential of the NE-DOX and SA-NCs-DOX formulations were 310 ± 2.1 nm and (−)32.6 ± 2.1 mV, 342 ± 4.1 nm
and (−)29.3 ± 1.2 mV respectively. SA-NCs-DOX was better (1.5 times) taken up by J774A.1 macrophages compared with
NE-DOX. SA-NCs -DOX showed greater efficacy than NE-DOX against intramacrophagic amastigotes. SA-NCs-DOX treatment
exhibited enhanced apoptotic efficiency than NE-DOX and free DOX as evident by cell cycle analysis, decrease in
mitochondrial membrane potential, ROS and NO production. T-cell responses, when assessed through lymphoproliferative
responses, NO production along with enhanced levels of iNOS, TNF-α, IFN-γ and IL-12 were found to be up-regulated after
SA-NCs-DOX, compared with responses to NE-DOX in vivo. Parasitic burden was decreased in Leishmania-infected hamsters
treated with SA-NCs-DOX, compared with NE-DOX.

CONCLUSIONS AND IMPLICATIONS
Our results provide insights into the development of an alternative approach to improved management of leishmaniasis
through a combination of chemotherapy with stimulation of the innate immune system.
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Abbreviations
CMI, cell-mediated immunity; DLS, dynamic light scattering; DOX, doxorubicin; EE, entrapment efficiency; HRTEM,
high-resolution transmission electron microscopy; LBL, layer-by-layer; LTT, lymphoproliferative responses; MTT, (3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide); NCs, nanocapsules; NE-DOX, nano–emulsion containing
doxorubicin; PRM, protamine sulfate; PSS, poly-sodium 4 -styrenesulfonate; SA, sodium alginate; SA-NCs-DOX,
doxorubicin-loaded sodium alginate-coated nanocapsules; SBO, soyabean oil; SLD, soluble L. donovani antigen; VL,
visceral leishmaniasis

Introduction

Current treatments for visceral leishmaniasis (VL) are unsat-
isfactory because of their toxicity, resistance and high cost
(Sundar and Rai, 2002; Ghosh et al., 2011). In VL, the para-
sites infect and reside in macrophages, thereby evading host
defence mechanisms and this sheltered location prevents the
access of chemotherapeutic agents to the parasites. Most of
the anti-leishmanial drugs presently in use fail to penetrate
macrophages containing parasites and this has driven phar-
maceutical research to develop better drug delivery systems
for more effective therapeutic response. The standard anti-
leishmanial chemotherapy consists of antimony-based com-
pounds but response to these drugs is failing because of the
emergence of resistance and the accompanying frequent
relapses (Tiuman et al., 2011). Pentamidine and amphotericin
B are the second-line treatment of leishmaniasis after anti-
mony failure, but their use is also limited because of their
adverse effects (Haldar et al., 2011; Oliveira et al., 2011). The
combination of drug-resistant Leishmania strains and the
consequent rising financial burden has produced an urgent
need for new therapeutic agents. One approach to counteract
the emerging trend of multi-drug resistant VL is to exploit the
host’s own non-specific, innate responses against leishmania-
sis as a therapeutic effect.

There is an urgent need for alternative safe delivery
systems for existing molecules, which would increase the
efficacy and reduce the dose-related toxicity of these agents to
the phagosomes of reticuloendothelial macrophages where
the Leishmania resides. Moreover, the liposomal formulations
recommended by the US Food and Drug Administration are
too costly for developing countries. All these factors empha-
size the need to develop a robust, affordable and storage-
stable drug delivery system incorporating a large payload of
the anti-leishmanial agent. The present project was under-
taken as a combination of ‘proof-of-principle’ and a preclini-
cal product development exercise, culminating in the
preparation of a prototype formulation that preferentially
stimulates innate immune responses of Leishmania-infected
macrophages, in addition to targeting them with a bolus of
anti-leishmanial agent.

The well studied anthracycline doxorubicin (DOX), used
for the chemotherapy of various human cancers, was found
to exert anti-leishmanial activity, but its associated cardiac
toxicity limited its clinical use (Sett et al., 1992; Gupta et al.,
2009). DOX has been shown to induce apoptosis in the Leish-
mania parasite (Singh and Dey, 2007; Luanpitpong et al.,
2012) and, recently, was found to activate immune functions
of macrophages and NK cells (Hussner et al., 2012). Immuno-
intervention with antimonials, amphotericin B and DOX is
known to improve VL (Murray et al., 2003a; Mukherjee et al.,

2004), but toxicity remains a major concern. The biopoly-
mers, sodium alginate (SA) and chitosan are potent activators
of macrophages, inducing the release of a range of cytokines
and cytotoxic agents (Porporatto et al., 2003; Yang and Jones,
2009; Singodia et al., 2011). Higuchi et al. (1990) demon-
strated that TNF-α and L-arginine-derived NO act synergisti-
cally to produce cytotoxicity in macrophages. Thus the
development of a formulation using biocompatible polymers,
which enhances immunological responses might provide a
new approach to improved treatment of leishmaniasis.

We found that DOX-loaded SA-coated nanocapsules (SA-
NCs-DOX) improved the anti-leishmanial efficacy of the drug
by increasing the uptake of DOX by Leishmania donovani-
infected macrophages and by increasing the activation of
macrophages leading to release of cytokines and reactive
oxygen species (ROS).

Methods

Preparation of nano-emulsions (NE)
The low-energy emulsification method was utilized to
prepare NE as reported previously (Kansal et al., 2012). In
brief, NE was obtained from a mixture of SBO (20 wt %)
containing free DOX base and Span 80/Tween 80 (weight
ratio of approximately 0.43/0.57) by slowly adding aqueous
phase containing PSS (0.025 wt %) at a flow rate of
1 mL·min−1 with gentle agitation using a magnetic stirrer at a
temperature of 60°C. Free DOX base was obtained as follows;
DOX extraction in chloroform was carried out in the presence
of triethylamine (3 mol equivalents to DOX-HCl) (Kataoka
et al., 2000). The aqueous phase was shaken with chloroform
for 24 h at 25°C. Then, chloroform was evaporated under
vacuum to a final volume of 1 mL which was then mixed
with SBO and kept in the dark.

Preparation of SA-coated NCs
The NE mentioned earlier serves as core template for the
preparation of polyelectrolyte-coated NCs. Thus, in the pre-
formed NE, 10 mL of an aqueous polyelectrolyte solution of
protamine sulfate (PRM; 0.125% w/v) was injected and stirred
for 45 min. For the preparation of SA-NCs, the procedure was
repeated to coat oppositely charged SA (0.150% w/v). Then,
the dispersion was centrifuged for 20 min at 40 000× g to
separate the NCs from non-encapsulated polyelectrolyte
aggregates.

Characterization of NE and SA-NCs
Size, ζ potential and surface characterization. Particle size and
ζ potential of formulations were determined by a Nano-ZS ζ
sizer (Malvern Instruments, Malvern, UK) at 25°C. The
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analysis was carried out on both NE and SA-NCs, within 2 h
after their preparation. The formulation was diluted appro-
priately with distilled water prior to analysis, and each meas-
urement was carried out in triplicate. The polydispersity
index was obtained by the instrument’s built-in software. The
surface morphology of optimized NCs was studied through
high-resolution transmission electron microscopy (HRTEM,
G2, F20, Tecnai, Eindhoven, the Netherlands). For HRTEM,
the sample was prepared as a thin aqueous film supported on
300-mesh copper grid. Negative staining was done using 2%
w/v phosphotungstic acid. Direct imaging of samples was
done at a 200 kV acceleration voltage on HRTEM.

Percentage of entrapment efficiency (% EE) measurement. The
amount of DOX entrapped was determined as follows:
1.5 mL of 0.1M HCl was added to 0.5 mL freshly prepared
DOX formulations. Then the mixture was centrifuged at
40 000× g and 4°C for 30 min. Then 1 mL of the aqueous
phase was carefully removed with a 2 mL hypodermic
syringe. The solution was filtered with a Millipore filter
(0.22 μm in pore size) and drug content was analysed by
reverse-phase HPLC method (Hartmann et al., 2005).

%Entrapment total amount of drug free drug
total amount o

= −( )
ff drug × 100

In vitro evaluation against intramacrophage amastigotes of
L. donovani. The J774A.1 macrophages (National Centre
for Cell Science (NCCS), Pune, India) were resuspended at 2.5
× 105 cells·mL−1 in serum-free RPMI-1640. Two hundred
microlitre cell suspensions per well were plated on an eight-
chamber Lab-Tek tissue culture slides (Nunc, Thermo Scien-
tific, Naperville, IL, USA) and allowed to adhere for 2 h in a
CO2 incubator at 37°C. Wells were washed twice with serum-
free medium, and the adherent macrophages were infected
with stationary stage parasites of L. donovani maintaining a
Leishmania/macrophage ratio of 10:1 in complete medium
and incubated overnight. After 24 h, free promastigotes were
washed with serum-free medium and infected macrophages
were incubated with medium containing Free DOX,
NE-bearing DOX (NE-DOX) and SA-NCs-DOX at various con-
centrations (0.1, 0.2, 0.3, 0.5, 1.0 and 2.0 μg·mL−1) for 48 h at
37°C. Untreated infected macrophages served as control. The
slides were fixed with methanol and stained with Giemsa.
The IC50 was obtained by plotting a graph of the percentage of
inhibition at different concentrations of all the observations
using Origin 6.1 version software (OriginLab, Northampton,
MA, USA) and expressed in μg·mL−1 (Pal et al., 1991).

Macrophage uptake studies
The adherent mouse macrophage cell line J774A.1 was used
for this study. Aliquots (100 μL) containing J774A.1 cells (1 ×
105) were suspended in 0.9 mL of RPMI-1640 medium with
10% FBS (Duverger et al., 2006). These were transferred into
24-well plates (Corning, Costar, NY, USA) containing fresh
medium and suspended in a 37°C humidified incubator with
5% CO2 atmosphere. After 24 h, the culture medium was
replaced with fresh culture medium containing NE-DOX and
SA-NCs-DOX formulations. For separation of the internalized
and surface-bound NCs, the cells were washed three times
with acetate buffer (pH 4.0). The cell-associated fluorescence

was measured by FACS (BD Biosciences, FACS Aria, Germany)
at an excitation wavelength of 480 nm and an emission
wavelength of 550 nm (Albright et al., 2005).

Cytotoxicity studies
The in vitro cytotoxicity of control (not containing DOX)
formulations was measured by the MTT proliferation assay
(Seymour et al., 1994). The experiments were carried out on
cells in the exponential growth phase. J774A.1 and RAW
macrophages (NCCS) were seeded into 24-well plates at 5 ×
104 cells per well and were allowed to adhere overnight. The
growth medium was replaced with a fresh medium and incu-
bated for 24 h with different formulations (NE and SA-NCs).
Cells washed twice with PBS were then incubated in a growth
medium containing 1 mg·mL−1 MTT for 4 h at 37°C, and then
500 μL DMSO was added to each well to ensure solubilization
of the formazan crystals. The optical density was measured
using a multi-well scanning spectrophotometer (MRX Micro-
plate Reader, Dynatech Laboratories Inc., Chantilly, VA, USA)
at a wavelength of 570 nm.

Flow cytometric analysis of cell cycle
DNA fragmentation during apoptosis by Free DOX and its
formulations was measured by cell cycle analysis through
flow cytometry (Soto et al., 2004; Riccardi and Nicoletti,
2006). Briefly, 106 promastigotes were seeded in 24-well plates
(Corning) and treated with 0.5 μg·mL−1 of each of the free
drug, NE-DOX and SA-NCs-DOX. After 24 h cells were har-
vested by centrifugation at 35 000× g, washed twice with PBS,
re-suspended in 1 mL of fixative solution (30% PBS/70%
methanol) and incubated at 4°C for 1 h. Afterwards, parasites
were collected by centrifugation, resuspended in PBS contain-
ing 20 μg·mL−1 of RNaseA (Fermentas, Henover, MD, USA)
and incubated for 20 min at 37°C. After incubation, the cells
were harvested, resuspended in 1 mL of citrate buffer (45 mM
MgCl2; 30 mM sodium citrate; 20 mM MOPS; 0.1% Triton
X-100; at pH 7.0), and stained by the addition of 50 μg of
propidium iodide (Sigma) followed by incubation at 37°C for
20 min. Afterwards, stained cells were washed twice with PBS
containing 5% foetal calf serum. The samples were stored at
4°C in the dark until analysis. Fluorescence was determined
by flow cytometry on a flow cytometer (Beckman Coulter FC
500, Brea, CA, USA).

Mitochondrial membrane potential
(Δψm) determination
Briefly, promastigotes were collected after treatment with
drug and the formulations for various time periods and incu-
bated for 7 min with 10 mM JC-1 (Sigma-Aldrich) at 37°C,
washed and resuspended in medium. The ratio of fluores-
cence at 590–530 nm was considered to be the relative Δψm
value (Dey and Moraes, 2000).

Estimation of levels of ROS
To evaluate the generation of ROS in promastigotes and
infected macrophages following treatment with Free DOX,
NE-DOX and SA-NCs-DOX the cell-permeant probe 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) was used
(Duranteau et al., 1998). Cells treated with DOX and NCs-
DOX for different time periods were resuspended in 500 μL
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RPMI 1640 and labelled with 10 μM H2DCFDA for 15 min in
the dark. Cells were analysed for intracellular ROS by using
flow cytometer.

Measurement of NO production in
infected macrophages
The Griess reagent was used to measure nitrite (NO2−) in the
culture supernatants of infected macrophages, after treat-
ment with all formulations. Briefly, J774A.1 macrophages
infected with L. donovani parasites were treated with Free
DOX, NE-DOX and SA-NCs-DOX. The supernatants (100 μL)
collected from macrophage cultures at 12 and 24 h after incu-
bation was mixed with an equal volume of Griess reagent
(Sigma) and left for 10 min at room temperature (RT). The
absorbance of the reaction was measured at 540 nm (Tandon
et al., 2012).

In vivo studies
Animals. All animal care and experimental use conformed
to Committee for the Purpose of Control and Supervision on
Experiments on Animals guidelines for laboratory animal
facilities and were approved by the Committee on the Ethics
of Animal Experiments of the Central Drug Research Insti-
tute. All studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010). A
total of 5 animals were used in the experiments described
here.

Laboratory-bred male golden hamsters (Mesocricetus
auratus, 45–50 g) from the Institute’s animal house facility
were used as the experimental host. They were housed in
climatically controlled rooms (24 ± 2°C and 45–60% humid-
ity) and fed with standard rodent food pellets (Lipton India,
Ltd., Mumbai, India) and water ad libitum (Tandon et al.,
2012). The experimental animals were monitored daily till
the end point of the study and were autopsied at the end-
point by deep anaesthesia with over dosages of sodium thio-
pentone (50 mg·kg−1) in order to reduce the suffering level in
experimental animals.

Anti-leishmanial activity testing. The isolation of parasites
and infection to naïve hamsters were carried out as described
earlier (Gupta et al., 2011). Infected animals (n = 5) harbour-
ing 38–40 amastigotes/100 macrophage nuclei were then dis-
tributed with six animals in each group for drug treatment in
the following manner: (i) infected controls (no therapy was
given): (ii) Free DOX; (iii) NE-DOX; (iv) SA-NCs-DOX; (v)
control (no DOX) NE; and (vi) control SA-NCs.

Infected hamsters were treated i.p. with 250 μg·kg−1 per
day of DOX and all its formulations for 4 consecutive days.
After 30 days of treatment, splenic biopsies were performed
and parasite burden was determined by counting the number
of amastigotes (Guru et al., 1989).

Measurement of lymphoproliferative responses
(LTT) and NO production
The cellular responses of lymph node cells of experimental
animals to the mitogens, concanavalin A (Con A) and LPS,
were assessed by the lymphoproliferative responses (LTT) and
NO production, respectively, and soluble L. donovani antigen

(SLD), as described elsewhere (Samant et al., 2009) with some
modifications in which we used XTT (Roche Diagnostics,
Mannheim, Germany) instead of [3H] thymidine. Eighteen
hours prior to termination of the experiment, XTT (50 μL)
was added to 100 μL of the supernatant of each well and
absorbance was measured at 480 nm with 650 nm as the
reference wavelength. To estimate NO production, nitrite
accumulation in culture supernatants of hamster peritoneal
macrophages was determined by the Griess reagent, as
described elsewhere (Gupta et al., 2011).

Measurement of anti-leishmanial
antibody responses
Anti-leishmanial antibody levels of IgG and its isotypes IgG1
and IgG2 were assessed using sera from all the experimental
groups collected on day 30 of treatment. as described by
Samant et al. (2009), with slight modifications. Briefly,
96-well ELISA plates (Nunc) were coated with SLD
(0.2 μg·100 mL−1 per well) overnight at 4°C and blocked with
1.5% BSA at room temperature for 1 h. Sera were used at a
dilution of 1/100 and kept for 2 h at room temperature.
After washing, biotin-conjugated mouse anti-Armenian and
Syrian hamster IgG, IgG1 and biotinylated anti-Syrian
hamster IgG2 (BD Pharmingen, San Diego, CA, USA) were
added for 1 h at room temperature at 1/1000 dilution and
were further incubated with peroxidase-conjugated strepta-
vidin at 1/1000 (BD Pharmingen) for 1 h. Finally, the sub-
strate O-phenylenediamine dihydrochloride (Sigma-Aldrich)
was added and the plate was read at 492 nm.

Estimation of expression of mRNA cytokines
by real-time PCR in treated hamsters
Real-time PCR was performed to evaluate the expression of
mRNAs for several cytokines and inducible NOS in splenic
cells. Splenic tissues were removed from each of the three
individual animals randomly chosen from different groups.
Total RNA was isolated using Tri reagent (Sigma-Aldrich and
1 μg of total RNA was used for the synthesis of cDNA using a
first-strand cDNA synthesis kit (Fermentas). For real-time
PCR, primer sequences and protocol were used as described
earlier (Samant et al., 2009). cDNAs from infected hamsters
were used as ‘comparator samples’ for quantification of those
corresponding to test samples. All quantifications were nor-
malized to the housekeeping gene HGPRT. A no-template
control cDNA was included to eliminate contaminations or
non-specific reactions. The cycle threshold (CT) value was
defined as the number of PCR cycles required for the fluores-
cence signal to exceed the detection threshold value (back-
ground noise). Differences in gene expression were calculated
by the comparative CT method (Samant et al., 2009). This
method compares test samples to a comparator sample and
uses results obtained with a uniformly expressed control gene
(HGPRT) to compensate for deviations in the amounts of RNA
present in the two samples being compared with generate a
ΔCT value. Results are expressed as the degrees of difference
between ΔCT values of test and comparator samples.

Data analysis
All results are given as means ± SD (n = 3). Differences
between formulations were compared using one-way ANOVA

followed by the Turkey–Kramer multiple comparison test,
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using GraphPad Instat software (Graph Pad Software, Inc., La
Jolla, CA, USA). P < 0.05 denotes significance in all cases.

Materials
DOX was received as a gift from Dabur Research Foundation,
Ghaziabad, India. Protamine sulfate (PRM), poly-sodium
4 -styrenesulfonate (PSS; MW 70 000) and 3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Tween 80 and Span 80 were procured from HiMedia
Laboratories Pvt., Ltd., Mumbai, India. Soyabean oil (SBO)
was purchased from Sunshine Oleochem, Ltd., Gandhidham,
India. All other chemicals and solvents were of analytical
grade.

Results

Preparation and characterization
The low-energy emulsification method was used to prepare
NE, which served as a template for depositing additional
polyelectrolytes on the surface to form NCs. This procedure
represents an innovative and preferable manner of produc-
tion of polyelectrolyte NCs. In a first step, the NE (oil/water)
was obtained from a mixture of SBO (20 wt %) and ratio of
surfactants (Span 80/Tween 80 approximately 0.43/0.57) by
slowly adding aqueous phase at a rate of 1 mL·min−1 with
gentle agitation using a magnetic stirrer on heating. In the
second step, alternating addition of PRM and SA layers leads
to the formation of SA-NCs (outermost layer of SA) with a NE
core. The rigidity of the shell and the ζ potential were also
found to depend on the concentration of PRM and SA.

The EE in NE formulations was over 80% (Table 1) and
making the NCs, coated with polyelectrolyte with SA as the
outer layer, did not significantly affect the % EE. The
uncoated NE was negatively charged because of the PSS
(ζ-potentials shown in Table 1) and, on deposition of the
initial PRM layer, the charge was reversed to (+) 39.2 ± 3.9 mV,
while after subsequent layering with SA, the ζ potential fell to
negative values, as expected, and not very different from that
of the NE (Table 1). Depending on the type of polyelectrolyte
added, the ζ potential altered at every layering, confirming
layer-by-layer (LBL) assembly of the coating over the NE core.
The particle size and size distributions of different formula-
tions were measured by dynamic light scattering (DLS).
HRTEM showed the structure of NCs (Figure 1) as having a
hollow core with a smooth texture on the surface.

In vitro evaluation against intramacrophage
amastigotes of L. donovani
Inhibition of amastigote multiplication within macrophages
by Free DOX, NE-DOX and SA-NCs-DOX was measured
(Figure 2). All samples were stained, and the number of
infected macrophages was determined microscopically. Both
the nano-formulations, NE-DOX and SA-NCs-DOX, showed
improved efficacy, comparec with Free DOX. Also, SA-NCs-
DOX was more effective than NE-DOX.

In vitro uptake studies
Figure 3 shows the uptake of the DOX formulations by
J774A.1 macrophage cells, assessed by flow cytometry. This
study compared the uptake of Free DOX, NE-DOX and
SA-NCs-DOX. Figure 3 shows almost 2.5-fold greater uptake
of NE-DOX than of Free DOX, while the SA-NCs-DOX for-
mulation was taken up almost 1.5–fold more than NE-DOX.

Table 1
Characterization of SA-NCs-DOX and NE-DOX formulations

Formulation
Charge
(mV)

Size
(nm)

% Entrapment
efficiency

NE-DOX (−)32.6 ± 2.1 310 ± 2.1 84 ± 4.2

SA-NCs-DOX (−)29.3 ± 1.2 342 ± 4.1 82 ± 6.3

Figure 1
High-resolution transmission electron microphotograph of
doxorubicin-loaded NCs.

Figure 2
In vitro activity of DOX formulations on L. donovani intramacrophagic
amastigotes. Results are expressed as inhibition of parasite growth
(IC50) observed after 48 h of incubation with Free DOX, NE-DOX or
SA-NCs-DOX. Data shown are means ± SD of three sets of experi-
ments (n = 3). *P < 0.01, significantly different as indicated.
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SA-NCs-DOX exhibited greater apoptotic
efficiency than Free DOX and NE-DOX
In these experiments, we compared the apoptotic efficacy of
SA-NCs-DOX and NE-DOX with the free drug, against
L. donovani promastigotes. Digestion of DNA into oligonu-
cleosomal fragments is a marker of classical apoptosis and
cells undergoing this chromatin alteration become pseudo-
hypodiploid cells. Flow cytometry analysis after cell permea-
bilization and labelling with PI was used to quantify the
percentage of pseudohypodiploid cells. The amount of bound
dye correlates with the DNA content in a given cell, and DNA
fragmentation in apoptotic cells translates into a fluorescence
intensity lower than that of G1cells (sub-G1 peak). After 24 h
of incubation of promastigotes with SA-NCs-DOX, a third of
the cells were found in the sub-G1 peak region whereas only
15 and 23% of the total cells treated with Free DOX and
NE-DOX, respectively, were found in the sub-G1 peak region
(Figure 4Ai and Aii). These results showed that SA-NCs-DOX
had induced more DNA degradation in promastigotes, com-
pared with NE-DOX and Free DOX.

Mitochondrial membrane potential (Δψm)
determination
Earlier studies have shown that the mitochondrion is a pos-
sible target of ROS-induced apoptosis in Leishmania, corre-
sponding to the fall in Δψm (Sudhandiran and Shaha, 2003).
Simultaneous measurement of the J-aggregate (indicative
of intact mitochondria) and J-monomer (indicative of
de-energized mitochondria) showed a sharp fall during
6–24 h after treatment with all compounds (Figure 4B).
However, the greatest fall in Δψm was observed with SA-NCs-
DOX treatment, compared with Free DOX or NCs-DOX at all
time points.

Estimation of ROS and NO levels
H2DCFDA, a non-polar compound, is converted on oxidation
to the highly fluorescent 2′,7′-dichlorofluorescein and this

property has been utilized to monitor ROS generation.
SA-NCs-DX treatment of promastigotes led to a maximum
increase in ROS at all time points up to 24 h, followed by
NE-DOX and Free DOX (Figure 4Di and Dii). Similar results
were obtained while measuring NO levels in which cells
exposed to SA-NCs-DOX showed the highest NO generation,
compared with Free DOX and NE-DOX treatments, at 12 h
and 24 h (Figure 4C).

In vivo anti-leishmanial activity testing
Anti- leishmanial activity in vivo was assayed as inhibition of
the parasite burden in spleen samples taken from infected
animals after treatment. This burden was most effectively
inhibited by SA-NCs-DOX, compared with NE-DOX or Free
DOX (Figure 5) in hamsters infected with L.donovani. Control
SA-NCs also induced significant inhibition, less than any
formulation containing DOX but still greater than that
induced by control NE (Figure 5).

Leishmania-specific LTT, NO and antibody
responses in treated hamsters
We observed that in vitro stimulation of the lymphocytes
isolated from lymph nodes with ConA, as well as SLD,
showed the maximum LTT in the cells of animals treated with
SA-NCs-DOX (Figure 6A), which was significantly higher
than that to Free DOX or NE–DOX-treated animals. Similarly,
the generation of NO observed in the SA-NCs-DOX group was
the highest of all the treated groups (Figure 6B).

In VL, levels of antibody to the parasite correlate with the
intensity of infection harboured by the host. On day 30 of
treatment, the anti-Leishmania IgG was elevated in the
infected group and was decreased significantly in the goup
with SA-NCs-DOX treatment, followed by those on NE-DOX
and on Free DOX (Figure 6C). Similarly, the level of IgG1
isotype was also decreased in these groups. In contrast, the
level of IgG2 isotype increased maximally in the SA–NCs–
DOX-treated group followed by the NE-DOX (P < 0.001) and
Free DOX groups, compared with the infected controls.

NE-DOX and SA-NCs-DOX treatment
generates a Th1-type cytokine profile, as
determined by qRT-PCR
Expression of Th1 and Th2 cytokines was evaluated by qRT-
PCR on day 30 of treatment. The iNOS transcript was
up-regulated in the NE-DOX (P < 0.05) and SA-NCs-DOX
groups (Figure 7). The expression of TNF-α, IFN-λ and IL-12
were elevated in all treated groups, compared that in the
L. donovani-infected and untreated group. In contrast, the
expression of TGF-β was down-regulated in the hamsters
treated with NE-DOX and SA-NCs-DOX. IL-4 and IL-10,
which are associated with progressive VL, were down-
regulated in infected hamsters treated with SA-NCs-DOX
while, after NE–DOX treatment, their expression was equiva-
lent to that in infected control.

On the other hand, control NE and control SA-NCs
groups exhibited a cytokine response similar to that of
infected untreated animals. Free DOX treatment-induced
TNF-α, IFN-γ (P < 0.05) and IL-12 and inhibited TGF-β,
although the level of IL-4 and IL-10 was found to be elevated
and comparable to that in the infected group.

Figure 3
Flow cytometric diagram for uptake studies in macrophagic J774A.1
cells. X-axis represents fluorescence inside the cells. Figure shows the
fluorescence in (A) control cells, in cell treated with (B) Free DOX, (C)
NE-DOX or (D) SA-NCs-DOX.
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Figure 4
(Ai and ii) Measurement of apoptosis induced by DOX formulations. 106 promastigotes were treated with 0.5 μg·mL−1 of each of the free drug,
NE-DOX and SA-NCs-DOX for 24 h, stained with PI and cell cycle analysis was done by flow cytometer. B, C, D and E gates represent cells in sub
G1, G0/G, S and G2M phase respectively. Bar graph represents the percentage of cells in sub G1 region undergoing apoptosis after treatment with
different formulations. (B) Decrease in Δψm in promastigotes following treatment with SA-NCs-DOX, NE-DOX and free DOX for the indicated
times and staining with the potentiometric probe JC-1 (10 mM). Δψm values are expressed as the ratio of 590:530 nm fluorescence. Assessment
of the generation of NO in infected macrophages (C) and ROS generation in promastigotes (Di) and infected macrophages (Dii) at different times
after treatment. *P < 0.05; **P < 0.01; ***P < 0.001, significantly different from Free DOX and from NE–DOX-treated cells.
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Discussion and conclusion
This study demonstrates that surface coating of DOX-loaded
NCs with alginate significantly enhanced the immunological
responses through a Th1 pathway, and provided a better
management of VL. Recently, formulations of LBL self-
assembled polyelectrolyte shells have gained significant
attention as a new class of particulate drug delivery system,
capable of carrying high payloads of drug to the target site
(Shukla et al., 2010). Particle surface chemistry has an impor-
tant role in Sukhorukov cell particle interactions. The self-
assembly provides a convenient method to control the
surface composition of the polyelectrolyte shells. In the
present study, we developed LBL shells with a variety of
surface compositions, providing a wide spectrum of charge
properties. The low-energy emulsification method (Liu et al.,
2006) was used to prepare the NE core followed by deposition
of oppositely charged polyelectrolytes to form the NCs.

The Leishmania parasite resides in the host macrophages,
where it grows and multiplies as it is protected from the
hostile environment of the host defence system. This prolif-
eration inhibits macrophage activation and thereby reducing
the release of a range of cytotoxic cytokines. It is known that
the macrophage can kill the parasite by releasing cytokines
such as TNF-α, IFN-γ, , IL-12, and NO, while decreasing the
release of IL-10, through the innate immune response
(Murray et al., 2003b; Sundar et al., 2004). Treatment strate-
gies that are based on modulation of the immune response,
in addition to chemotherapy, result in improved efficacy
during infection. In general, thecombnation of anti-
leishmanial drugs with drug carriers has increased their effi-

cacy and this fact has been mainly attributed to an increase in
its direct anti-leishmanial action allowing higher drug levels
to be attained in the infected macrophages. However, the
activation of macrophages by formulation excipients such as
the alginates, as we have used in the present study along with
chemotherapy is likely to improve the anti-leishmanial activ-
ity of macrophages in vitro and in vivo.

A variety of biopolymers such as alginate or chitosan, are
known to show predictable activation of macrophages. Thus
alginate exhibited macrophage-activating properties when
injected i.p. and high levels of NO and TNF-α release were
found in macrophages after exposure to high MW chitosan
and oligochitosan. There is significantly increase in cell
Numbers of macrophages, lymphocytes and TNF-α secretion
were all increased when alginate poly-L-lysine microcapsules
were implanted in the peritoneal cavity (Son et al., 2001; Yu
et al., 2004; Yang and Jones, 2009). Iwamoto et al. (2005) have
shown that unsaturated alginate oligomers stimulated RAW
264.7 cells to secrete elevated amounts of IL-1α, IL-1β, IL-6
and TNF-α (Iwamoto et al., 2005).

Following the suggestion that immunostimulation could
be coupled with chemotherapy to produce an improved
effect on visceral infection, we proposed that SA-NCs-DOX
would stimulate the innate immune system by activating
macrophages. Our results confirmed and extended previous
studies confirming that alginate stimulates secretion of
inflammatory cytokines. In the present investigation, the pre-
formed NE core serves as template for successive deposition of
PRM-SA layers, which ultimately leads to the formation of
NCs in a LBL fashion with SA as outer covering. The method
of complex conservation was used to form a capsule shell

Figure 5
Anti-leishmanial activity of DOX formulations against established infection of L. donovani in hamsters. Drug formulations (equivalent to
250 μg·kg−1·per day for 4 consecutive days) and formulations without drug (Blank) were injected i.p. into each hamster on day 31 post infection.
Parasite burden was estimated by splenic biopsy on day 30 post-treatment and percentage of parasite inhibition was calculated in comparison with
the parasite burden of untreated animals. Data shown are means ± SD (n = 3). *P < 0.05, significantly different as indicated).
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consisting of PRM-SA layers interlinked as a polyelectrolyte
complex. The alternating coating of PRM and SA over the NE
core was confirmed by reversal of ζ potential at each layering,
which resulted in formation of alginate coated NCs (SA-NCs).

To evaluate the effect of SA-NCs-DOX, comparative
uptake studies on macrophage cell lines were performed.
Figure 3 shows comparative uptake of SA-NCs-DOX and
NE-DOX formulations by flow cytometry. This figure indi-
cates almost 1.5-fold greater uptake of SA-NCs-DOX in cell
lines compared with NE-DOX. This finding suggests that
SA-NCs-DOX undergo electrostatic interactions with rela-
tively negative charged cell membrane. Several researchers
have reported that cationic microparticles increase the
phagocytosis by dendritic cells and macrophages, in compari-
son with other charged surfaces (Thiele et al., 2001; Wischke
et al., 2006). The mechanism involved for enhanced uptake
of positively charged microparticles is the electrostatic attrac-

tion between this cationic substrate and the negatively
charged cell surface leading to binding and subsequent inter-
nalization. Free DOX, NE-DOX and SA-NCs-DOX were tested
for anti-leishmanial activity in vitro by determining the
percentage killing against intramacrophagic amastigotes.
Both the formulations, NE-DOX and SA-NCs-DOX showed
significant improvement in efficacy, compared with the
effects of Free DOX. Similarly SA-NCs -DOX showed signifi-
cantly better efficacy compared with NE-DOX (Figure 2),
which explains the greater action of SA-NCs-DOX against
parasites.

DOX causes apoptosis in Leishmania parasites (Debrabant
et al., 2003) and the present study showed that the entrap-
ment of DOX in SA-coated NCs markedly increased the apo-
ptotic efficiency of this drug in vitro. This might be attributed
to the higher production of ROS and NO by the SA coating, as
ROS generation in the cells following drug treatment is

Figure 6
(A) LTT of mononuclear cells (lymph nodes) of L. donovani-infected and -treated hamsters, in response to ConA and SLD at 10 mg·mL−1.
Proliferation is represented as mean OD of stimulated culture-mean OD of unstimulated control. Each bar represents pooled data (mean + SD)
of five hamsters and the data represent the means of triplicate wells + SD. (B) Nitrite production (mM) on day 30 by peritoneal macrophages of
hamsters primed with supernatants of lymphocytes of infected and differently treated groups in response to LPS and SLD at10 mg·mL−1 after 24 h
stimulation. The absorbance of the reaction product was measured at 540 nm using Griess reagent; (C) Leishmania-specific IgG and its isotype
response on day 30 of treatment. Each bar represents pooled data (mean + SD value) of three replicates. *P < 0.05; **P < 0.01; ***P < 0.001,
significant effects of treatment.
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known to direct the cells towards apoptosis (Chipuk and
Green, 2005).

In parallel to this, we have also carried out in vivo studies
in hamsters and observed that SA-NCs-DOX, coated with
immunomodulatory polymers, have better efficacy than
NE-DOX or the Free DOX. As SA attached to the formulation
is immunomodulatory, the effect of formulation on immune
parameters of hamsters was further assessed. Leishmania-
specific lymphoproliferative assay (LTT) and NO production
are measures of cell-mediated immunity (CMI), which almost
always accompanies the control of parasite growth and
healing. Nevertheless, it is not LTT itself that is the primary
effector mechanism of immunity, but rather the stimulation
of Leishmania-specific T-cells to develop macrophage-
activating factors, which in turn activate macrophages for the
destruction of the intracellular parasites. This is consistent
with the critical role of NO-mediated macrophage effector
mechanism, which is known to control parasite replication in
this animal model (Garg et al., 2006).

Apart from weakened cellular responses; VL is linked with
the production of a high level of antibody, which is observed

prior to the detection of a parasite-specific T-cell response. It
is well established that titres of IgG and IgG1 antibodies
increase with L. donovani load. The lowest level of these anti-
bodies is therefore consistent with the decreased parasite
loads noticed in the SA–NCs–DOX-treated group and the
better protective response, compared with the other treated
groups. The substantial increase in IgG2 levels in SA–NCs–
DOX-treated animals is also indicative of enhanced CMI
(Samant et al., 2009).

To test whether the enhanced efficacy of DOX against VL
in vivo was coupled with immuno-stimulation following
attachment of SA-NCs, the cytokine profile (TNF-α, IL-12 and
IFN-γ) along with iNOS level was determined by real-time
PCR and compared with that in NE-DOX-treated animals.
The Th1-type of cell-mediated immunological response is
responsible for protection against VL, while a Th2 type of
response exacerbates the disease. The transcript of IFN-γ, a
cytokine characteristic of the Th1-type response that has a
dominant effect on macrophage microbicidal responses and
other effector killing mechanisms, along with TNF-α, often
reported to act in concert to activate iNOS for the production

Figure 7
Splenic iNOS and cytokine mRNA expression profile analysis of treated infected hamsters with drug formulations (equivalent to 250 μg·kg−1 per
day for 4 consecutive days) and formulations without drug on day 30 of treatment by quantitative real-time RT-PCR. *P < 0.05; **P < 0.01; ***P
< 0.001, significant effects of treatment.
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of NO (Liew et al., 1990) were down-regulated in infected
hamsters, whereas their expression was increased many-fold
in the infected hamsters treated with NE-DOX and SA-NCs-
DOX. The key macrophage-deactivating, Th1-suppressive,
cytokines, IL-10 and IL-4, are reported to have a definite
association with an acute phase of VL during which a pro-
gressive increase of IL-10 and IL-4 transcripts in tissues were
generated, but were not detectable after a successful cure
(Ghalib et al., 1993; Melby et al., 1998). Compatible with
these results, IL-10 and IL-4 mRNA levels were markedly
down-regulated in hamsters treated with SA-NCs-DOX, com-
pared with those in infected but untreated hamsters,
(Noben-Trauth et al., 2003), but on the contrary both
cytokines were expressed at high level in NE-DOX and Free
DOX groups.

It has been reported that IL–10-deficient mice require
IFN-γ, that is largely induced by IL-12, in order to generate
primary Th1 cell-mediated anti-leishmanial activity (Murray
et al., 2000; Basu et al., 2005). In the present study, IL-12 was
completely down-regulated in infected hamsters; whereas
high levels of IL-12 mRNA was observed in transcripts found
in Free DOX, NE-DOX and SA-NCs-DOX groups. TGF-β is a
pleiotropic cytokine involved in many functions of resident
tissue cells, but for the most part, inhibiting some activity of
immune cells. TGF-β can mediate immunosuppression by
inhibiting IL–2-dependent T- and B-cell proliferation and
IL–2-dependent antibody production by B-cells (Kehrl et al.,
1986). Studies have suggested the role of this cytokine is to
maintain or to exacerbate the characteristic immunosuppres-
sion observed in this disease (Rodrigues et al., 1998). In our
experiments, TGF-β was strongly inhibited in all drug-treated
groups, in comparison to infected controls.

In summary, this study has ashown the SA-NCs-DOX to
elicit strong Th1 responses with up-regulation of iNOS, TNF-α
and IFN-γ and down-regulation of TGF-β, IL-4 and IL-10,
while NE-DOX and Free DOX-induced mixed Th1/Th2 types
of response. These results correlate with the data of parasite
load measured in these groups in which the highest inhibi-
tion was observed in the SA-NCs-DOX group followed by the
NE-DOX and the Free DOX groups.

As strong immunosuppression accompanies L. donovani
infection, a better and more effective strategy for the
optimum efficacy of anti-leishmanial drugs should incorpo-
rate both the direct killing of parasites by the drug along with
concurrent generation of immunity against the disease. The
SA–NCs–DOX-induced safe parasite killing through more effi-
cient apoptosis and also effectively switched on immune
responses in the host, specific to the parasite. Thus, this
formulation may serve as a promising and low-cost alterna-
tive to expensive lipid-based formulations for treatment of
VL.
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