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Abstract: This study is the first to investigate the antileishmanial activities of Nigella sativa oil (NSO) entrapped poly-ɛ-
caprolactone (PCL) nanoparticles on Leishmania infantum promastigotes and amastigotes in vitro. NSO molecules with variable
initial doses of 50, 100, 150, and 200 mg were successfully encapsulated into PCL nanoparticles identified as formulations
NSO1, NSO2, NSO3, and NSO4, respectively. This process was characterised by scanning electron microscope, dynamic light
scattering, Fourier transform infrared, encapsulation efficiency measurements, and release profile evaluations. The resulting
synthetised nanoparticles had sizes ranging between 200 and 390 nm. PCL nanoparticles encapsulated 98% to 80% of initial
doses of NSO and after incubation released approximately 85% of entrapped oil molecules after 288 h. All investigated
formulations demonstrated strong antileishmanial effects on L. infantum promastigotes by inhibiting up to 90% of parasites after
192 h. The tested formulations decreased infection indexes of macrophages in a range between 2.4- and 4.1-fold in contrast to
control, thus indicating the strong anti-amastigote activities of NSO encapsulated PCL nanoparticles. Furthermore, NSO-loaded
PCL nanoparticles showed immunomodulatory effects by increasing produced nitric oxide amounts within macrophages by 2–
3.5-fold in contrast to use of free oil. The obtained data showed significant antileishmanial effects of NSO encapsulated PCL
nanoparticles on L. infantum promastigotes and amastigotes.

1Introduction
Leishmaniasis is one of the most important and neglected tropical
diseases in the world. It is caused by Leishmania parasites and the
disease is transmitted to humans by the bites of infected sandflies.
The bites cause mild to severe painful skin lesions, called
cutaneous leishmaniasis (CL) or deadly visceral disorders
classified as visceral leishmaniasis (VL). It is estimated that
approximately 300 million people are at risk of being afflicted by
leishmaniasis. Currently, 0.5 million cases of VL and 1.5–2 million
cases of CL cases are reported annually worldwide. Annually, VL
causes nearly 60,000 deaths all over the world [1–3]. Due to global
warming, climate changes, wars, and migrations, it is predicted that
each form of the disease will rapidly become widely distributed to
most currently non-epidemic regions [4–8]. Since there is no safe
and reliable vaccine against leishmaniasis, chemotherapy has in the
past been used to treat the disease [9]. However, current
antileishmanial drugs have several disadvantages such as toxicity,
long-term administration, resistance, and high cost that restrict
their use in clinical applications [10, 11]. Therefore, it is very
critical to develop new antileishmanial formulations in order to
fight against the disease.

In recent years, there has been a growing interest in the use of
natural products, especially those isolated from plants for the
treatment of infectious diseases [12, 13]. It is predicted that
approximately 25% of drugs that are used in the treatment of
diseases is obtained from herbal products [14]. Herbal oils are
accepted as the most important natural products and are frequently
used in developing new medicines to eradicate infectious diseases.
Since these oils include extensive mixtures of bioactive molecules
and possess hydrophobic features, they are considered as effective
inhibitory agents against a broad spectrum of microorganisms such
as bacteria, fungi, viruses, and parasites.

Although their action mechanisms on infectious agents are still
unclear, it is suggested that herbal oils disrupt microbial cellular
membranes and leads to oxidative stress due to their hydrophobic
and lipophilic features [15–19]. One example is Nigella sativa oil
(NSO), which is isolated from the seeds of the N. sativa plant. This
plant is known as one of the most promising herbal products

because it contains several strong bioactive compounds, notably
thymoquinone. NSO is promising due to its abundant active
components, and anti-oxidant, anti-inflammatory, anti-
cancerogenic, antimicrobial, and immunostimulatory features [20–
23]. Several studies have found that NSO provides some
antileishmanial activities through its active component,
thymoquinone [24].

In our previous paper, we indicated that combinations of NSO
with TiAgNps enhanced the antileishmanial efficacies of the oil
while decreasing its toxicity [25]. Despite their excellent
antimicrobial features, applications of vegetable oils are clinically
restricted due to decreased stability and toxicity [26, 27]. The oil is
particularly dependent on low water solubility, and vegetable oils
are vulnerable to environmental factors such as moisture, pH, and
oxygen and may be also degraded within living systems.

In order to augment stability, bioactivity and also protect
bioactive molecules from degradation, they have recently been
encapsulated into nanoparticulate delivery systems. This
encapsulation process can also provide regulation of drug release
and also decrease toxicity [28]. Poly-ɛ-caprolactone (PCL) is a
hydrophobic polymer that is composed of one polar ester and five
non-polar methylene groups. It is usually prepared by a ring
opening polymerisation technique from caprolactone monomers
[29]. PCL nanoparticles possess special features such as high
permeability, bioavailability, biodegradability, and non-toxicity,
which make them ideal structures for synthetising drug delivery
systems [30, 31]. Moreover, since it is approved by the United
States Food and Drug Administration, the application of PCL
nanoparticles in clinics has recently attracted the interest of
researchers.

In particular, the hydrolysis of ester linkages within the human
body provides degradation of the polymer and a sustained/
controllable release of drugs [32]. Utilising the various features of
PCL nanoparticles, they have been used to deliver drugs into
desired regions of the body to fight against various diseases [33].
However, to our knowledge, there have been no previous studies in
the literature investigating the antimicrobial behaviours of PCL
nanoparticles loaded with bioactive molecules such as NSO.
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By considering the strong antimicrobial profiles of NSO and
significant roles of PCL nanoparticles in regards to delivery,
sustained release and protection drugs from degradation, we
propose that encapsulation of NSO into PCL nanoparticles may
increase the bioactivities and antimicrobial features of this oil and
also reduce its toxicity. Taking into consideration our previous
study and the antiparasitic actions of NSO, we suggest that NSO
encapsulated PCL nanoparticulate formulation may exhibit
excellent antileishmanial activities. Therefore, the main goal of the
present study is to prepare NSO entrapped PCL nanoparticles by a
single emulsion method, to characterise the synthetised
nanoparticles with various techniques, and also to investigate their
antileishmanial activities against Leishmania infantum
promastigotes and amastigotes in vitro.

2Materials methods
2.1 Materials

PCL (MW 14,000), polyvinyl alcohol (PVA) (average MW
30,000–70,000), Methylthiazolyltetrazolium (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO). Dichloromethane
(DCM), sodium nitrite, sulphanilamide, naphthylethylenediamide
dihydrochloride were obtained from Merck (Darmstadt, Germany).
Roswell Park Memorial Institute medium (RPMI 1640) was
purchased from GIBCO (Life Technologies, USA). Nigella sativa
fixed oil (Zade Vital) was commercially obtained from a national
pharmacy. A mouse J774 macrophage cell line was obtained from
the Histology and Embryology Department, Istanbul University,
Istanbul, Turkey. Ultra-pure water was obtained from a Millipore
MilliQ Gradient system.

2.2 Preparation of NSO-PCL nanoparticles

PCL nanoparticles were prepared by an o/w single solvent
evaporation technique. Briefly, 200 mg of PCL was dissolved in 5 
ml of DCM. Then different initial doses of NSO such as 50, 100,
150, and 200 mg were added into the organic phase and were
identified as NSO1, NSO2, NSO3, and NSO4, respectively. The
organic phase was added into 25 ml of an aqueous phase
containing PVA as a stabiliser. The organic phase and aqueous
phase were emulsified for 5 min with a probe sonicator (Bandelin
Sonopuls, Germany) in an ice bath. Complete evaporation of DCM
from the emulsion (o/w) was performed by stirring for 4 h.
Nanoparticle suspensions were centrifuged at 14,000 rpm for 30 
min. The obtained pellet was washed twice with deionised distilled
water. The final pellet was re-suspended in a trehalose solution (2%
w/v) as a cryoprotectant and the solution was then lyophilised for
48 h.

2.3 Characterisation of nanoparticles

2.3.1 Particle size and zeta potential: Particle size and the
polydispersity index were identified by photon correlation
spectroscopy (PCS) by using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). Size measurements were performed in
triplicate following preparation of nanoparticle suspensions by
diluting in distilled water at a ratio of 1/100 (v/v) at 25°C. The
polydispersity index range was comprised between 0 and 1. The
zeta potentials of diluted synthetised nanoparticles were measured
by using the same instrument at 25°C.

2.3.2 Scanning electron microscopy: Freeze-dried nanoparticles
were fixed on metallic studs like a thin film using adhesive tape
and then coated with gold under vacuum. The particles were
visualised by using an Evo LS10 (Zeiss, Welwyn Garden City, UK)
scanning electron microscope (SEM) at an accelerating voltage of
10–20 kV.

2.3.3 Fourier transform infrared spectroscopy: Fourier
transform infrared spectroscopy (FTIR) spectra were collected
using an IR-Prestige 21 (Shimadzu, Japan) with an attenuated total
reflectance technique. The FTIR spectrum of the PCL and NSO-
PCL NPs was carried out in a region from 600 to 4000 cm−1.
Spectra were measured at 4 cm−1 resolution by scanning 16 times.

2.3.4 Encapsulation efficiency measurements: The
supernatant was collected from the ultracentrifugation of
nanoparticles and subjected for NSO quantification by using UV-
Vis spectroscopy. Since thymoquinone, the most abundant
compound of NSO, was monitored at a λmax of 254 nm, the amount
of encapsulated NSO into PCL nanoparticles was measured by
using spectra at this wavelength. The quantification was done in
triplicate for each formulation. The NSO concentrations in the
supernatant were determined by using a standard calibration curve
of NSO at various concentrations. The concentration of
encapsulated oil was measured indirectly by calculating the
differences between the prior concentrations of the oil used (50,
100, 150, and 200 mg/ml) and the concentration of free oil in the
supernatant. The encapsulation efficiency (EE) and loading
capacity of NSO was evaluated by using the following formulas:
(see equation below)

2.3.5 In vitro drug release studies: Fifteen milligrams of oil-
loaded PCL nanoparticles were dispersed in 3 ml of phosphate-
buffered saline (PBS) at pH 7.4. Then suspensions were incubated
in a shaker at 37°C. At appropriate intervals, test solutions were
centrifuged at 12,000 rpm for 20 min and 1 ml of supernatant was
used for the analysis. The amounts of released NSO within the
supernatants were evaluated by UV spectrophotometer at 254 nm.

2.4 L. infantum promastigote culture

L. infantum parasites were grown in RPMI-1640 supplemented
with 10% heat-inactivated FBS at 27°C. Metacyclic promastigotes
were harvested at the late log phase following 120 h incubation.

2.5 J774 macrophage cell culture

J774 macrophage cells were cultured in RPMI 1640 (supplemented
with 100 U/ml penicillin and 100 IU/ml streptomycin) including
10% (v/v) heat-inactivated FBS. Then cells were incubated at 37°C
in an incubator with 5% CO2.

2.6 Cell viability assay

J774 macrophage cells were seeded into 96-well plates at a density
of 104 cells/well and incubated for 24 h to allow cell attachment.
The cells were then exposed to free NSO, free PCL nanoparticles,
and NSO-loaded PCL nanoparticles at various concentrations
varying between 50 and 1000 µg/ml for 144 h. Untreated cells
were used as positive control. Following incubation, the
formulations were replaced with medium containing an MTT
reactant (10 mg/ml) and the cells were then incubated for 4 h.
Afterwards, DMSO was put into each well in order to dissolve the
formazan crystals. Absorbance was measured at 570 nm using a
microplate reader (Thermo Scientific, Multiskan FC).

2.7 Determination of promastigote growth inhibition

In order to evaluate the antileishmanial effects of the nanoparticles
and free oil, studies were performed on an L. infantum
promastigote culture. For that purpose, promastigotes in a log
phase were seeded into a 24-well plate at a density of 5 × 104 
parasites/ml. After overnight incubation at 27°C, different
concentrations of free NSO and NSO encapsulated PCL
nanoparticles at concentrations of 50, 100, 250, 500, and 1000 
μg/ml were added into wells. Each concentration was tested in

Encapsulation efficiency% = (a mount of encapsulated oil)/(initial amount of oil) × 100

Oil loading capacity% = (entrapped oil)/(nanoparticles weight) × 100
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triplicate. Treated promastigotes were incubated at 27°C for 192 h.
The number of viable promastigotes for each group was counted
with a haemocytometer at different time intervals (72, 144, and
192 h). Briefly, a 50 μl L. infantum promastigote culture was
obtained from each well and mixed with 2% formalin at a ratio of
1:10. Then suspensions were put into a haemocytometer, and the
slide was investigated in an inverted microscope (Olympos CKX
41). IC50 values of all the samples were determined by finding the
concentration that inhibited half of the promastigotes.

2.8 Screening of anti-amastigote efficacies

In order to find the anti-amastigote activities of tested
formulations, 1.5 × 104 J774 cells were inoculated into six-well
plates. Following overnight incubation, macrophages were infected
with 1.5 × 105 stationary phase L. infantum promastigotes in order
to obtain an amastigote-macrophage culture. After 4 h incubation
at 37°C, non-internalised promastigotes were removed by washing
the plates in triplicate with PBS. Infected macrophages were
treated with different concentrations of free NSO and NSO-PCL
NPs (50, 100, 250, 500, and 1000 μg/ml) and plates were then
incubated for 192 h. Afterwards, cells were fixed with methanol for
10 min and then stained with Giemsa for 3 min. Later, all wells of
the plates were rinsed with PBS and slides within the wells were
removed from the plates to monitor in an inverted microscope at
100× dimensions.

The infection index of all specimens was evaluated by counting
the infected cell number and intracellular Leishmania parasites
randomly chosen in 200 cells. By dividing the number of infected
macrophages with the number of all macrophages in the zone, %
infectivity value was assessed.

2.9 Measurement of nitric oxide production

Nitric oxide production by macrophages was performed by the
Griess reaction as previously described [34]. Briefly, 1 × 106 
macrophages/ml were inoculated in 24-well cell culture plates prior
to 24 h incubation. Then, the medium was discharged and fresh
medium containing individually different concentrations of free oil,
empty NPs, and NSO-PCL NPs (50,100, 250, 500, or 1000 µg/ml)
were added into all plates. After 192 h incubation, supernatants
were collected and the amounts of released NO from macrophages
were analysed by a Griess reaction method. In this method, 50 μL

supernatant and serial dilutions of sodium nitrite standard solution
(0.5–100 µM) were placed into 96-well plates and then mixed with
50 µL of the Griess reagent (combination of 1% sulphanilamide,
0.1% naphthylethylenediamide dihydrochloride, and 2.5% H3PO4).
After incubation for 10 min at room temperature, absorbance
values were measured in an ELISA reader at 570 nm. The amounts
of nitrite within each well were quantified based on a standard
curve.

2.10 Statistical analysis

The results were expressed as mean ± SD. Statistical Packages of
Social Sciences (SPSS 16.0 version for Windows) software with
parametric tests (paired samples t-test, analysis of variance, and
Tukey's post-hoc test) were used for statistical analysis. A P < 0.05
value was considered statistically significant.

3Results
3.1 SEM analysis

Fig. 1 shows SEM images of empty and oil encapsulated PCL
nanoparticles. The images in the figure show that synthetised
nanoparticles exhibited spherical, uniform, and smooth shapes.
Furthermore, there was a narrow size distribution for each
formulation range between 200 and 400 nm. The NSO4
formulation had larger sizes than empty nanoparticles, thus
indicating that the NSO4 formulation was loaded with oil
molecules. 

3.2 Size distribution and zeta potential analysis

Table 1 shows the dynamic light scattering (DLS) results of
synthetised formulations including empty and NSO encapsulated
PCL nanoparticles. The mean sizes of the nanoparticles were
measured as 202, 212, 232, 350, and 389 nm for empty NP, NSO1,
NSO2, NSO3, and NSO4 formulations, respectively. The size of
the nanoparticles raised directly along with an increase in the
amount of encapsulated oil molecules. Among the investigated
formulations, free nanoparticles had the smallest size, while the
size of the NSO4 nanoparticles, which included the largest amounts
of NSO oil molecules, was about two times larger than free
nanoparticles. 

Table 1 also represents the PDI values and zeta potentials of all
formulations. The PDI results varied between 0.12 and 0.2. This
indicates that all of the synthetised nanoparticles possess a narrow
size distribution. The zeta potentials of the nanoparticles varied
between −4.92 and −8.29 mV. The negative zeta potentials of
synthetised nanoparticles are attributed to a carboxylic end group
of the PCL polymer.

3.3 Fourier transform infrared spectroscopy

FTIR spectroscopy was used in order to elucidate the presence of
NSO within PCL nanoparticles. The liquid form of NSO bands and
lyophilised empty PCL NPs and NSO-PCL NPs FTIR bands are
shown in Fig. 2. Empty PCL NPs band at 2943 and 2868 cm−1 are
assigned to C–H hydroxyl groups asymmetric and symmetric
stretching, respectively. The band at 1724 cm−1 is assigned to –
C=O stretching vibrations due to the ester carbonyl group. The
band at 1238 cm−1 belongs to C–O–C asymmetric stretching. 

The characteristic NSO spectrum present at a wavelength of
3007 cm−1 comes from the matching of the free NSO, empty PCL,

Fig. 1 SEM images of synthetised nanoparticles
(a) empty, (b) NSO encapsulated PCL nanoparticles (NSO4 formulation)

 

Table 1 Illustration of mean size, PDI values, zeta potential measurements, encapsulation efficiency, and reaction yield
percentages of empty nanoparticles, NSO1, NSO2, NSO3, and NSO4 formulations
Formulation names Size, nm PDI Zeta potential, mV Encapsulation efficiency, % Reaction yield, %
free NPs 202 ± 24 0.080 −4.92 ± 0.88 — —
NSO1 212 ± 17 0.101 −6.57 ± 0.70 98.6 40.7
NSO2 232 ± 31 0.124 −6.34 ± 0.89 98.8 48.6
NSO3 350 ± 42 0.139 −7.85 ± 0.65 80.5 57.4
NSO4 389 ± 37 0.164 −8.29 ± 1.04 71.6 51.2
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and loaded PCL-NPs spectra. This peak was attributed to the
stretching vibrations of C–H in CH=CH. Reduced intensity at
3007 cm−1 was observed due to the small concentration on the
surface of the nanoparticles. This shows successfully encapsulation
of NSO in PCL.

3.4 Encapsulation efficiency

Table 1 also demonstrates EE and reaction yield ratios of all
synthetised oil entrapped PCL nanoparticles. As indicated, EE
amounts were measured as 98.6, 98.8, 80.5, and 71.6% for the
NSO1, NSO2, NSO3, and NSO4 formulations, respectively. It was
determined that encapsulation efficiencies were diminished by an
increase in initial oil amounts during the encapsulation process.

3.5 In vitro release study

The release profiles of PCL nanoparticulate formulations that
consisted of different initial amounts of NSO were investigated for
288 h. Fig. 3 illustrates the cumulative increase of released oil
amounts during the mentioned incubation time. The figure shows
that the release of oil molecules from NSO-loaded nanoparticles
was slower in the first three days. However, released NSO amounts
enhanced rapidly due to a rapid degradation of nanoparticulate
systems at time intervals following 72 h. The NSO1 formulation
released approximately 94% of encapsulated oil molecules after
288 h incubation, while it was only 34% at the end of 72 h.
Similarly, released oil amounts from the NSO2 formulation was
22.3 and 93.7 mg which corresponds to the ratio of 24 and 94% at
the time intervals of 72 and 288 h, respectively. The NSO3
formulation released nearly 85% of the encapsulated oil at the end

of the 288 h incubation period, while this ratio was measured as
only 30% after 72 h incubation. Similarly, the amounts of released
molecules from the NSO4 formulation increased with time. It was
nearly 35% at the end of 72 h and then reached 90% after 288 h
incubation. 

3.6 Cytotoxicity analysis

Before investigating the antileishmanial activities of all synthetised
nano-formulations, their cytotoxicities were screened on J774
macrophage cells by using an MTT method. In experiments, cells
were exposed to different concentrations of each formulation
ranging between 50 and 1000 µg/ml. No cytotoxic effect was
observed for any of the synthetised nanoparticulate systems. The
IC50 values of each formulation were higher than 1000 µg/ml.
Among tested formulations, only NSO3 and NSO4 lead to an
approximately 20% decrease in viabilities of macrophages when a
1000 µg/ml concentration was performed on cells at an incubation
time of 144 h. These results reveal that all formulations at variable
concentrations could be used in promastigote or a particularly
amastigote-macrophage culture since no cytotoxicity was found on
J774 macrophage cells. On the other hand, it was shown that free
NSO oil at increased concentrations elicited cytotoxicity against
J774 macrophage cells (Fig. 4). The IC50 value of NSO for
macrophages was 125 µg/ml. These results support the determined
that encapsulation of NSO into PCL nanoparticles prevents their
toxicities on macrophages. 

3.7 Anti-promastigote assay

All investigated formulations exhibited significant antileishmanial
effects dependent on increased concentrations and exposure time.
In Figs. 5–7, variable inhibitory activities of NSO1, NSO2, NSO3,
and NSO4 formulations and free oil were illustrated at different
concentrations ranging between 50 and 1000 µg/ml at various time
intervals such as 72, 144, and 192 h. Fig. 5 shows that after 72 h
incubation none of the nanoparticulate formulations showed
remarkable inhibitory activities on L. infantum promastigotes.
When only the highest concentrations were applied, there was at
most a nearly 20% decrease in promastigote growth. In
comparison, free NSO oil decreased the growth kinetics of
Leishmania parasites after 72 h incubation. The anti-promastigote
efficacies of free oil as augmented by an increase in concentration.
When the lowest concentration of the oil (50 µg/ml) was applied,
there was a 42% reduction in promastigote amounts, and this
decrease reached 80% with administration of 1000 µg/ml free oil
for 72 h. 

The antileishmanial effectiveness of nanoparticulate
formulations also increases depending on incubation times. Fig. 6
shows parasitic growth inhibition rates with 144 h incubation.
Similar to 72 h incubation, the most significant effect was observed
when parasites were exposed to free oil as this caused a nearly 85%
inhibition in parasite growth rates. Another significant result is that

Fig. 2 FTIR spectrum of the free NSO, Empty PCL NPs, and NSO-PCL
NPs

 

Fig. 3 In vitro release profiles of NSO encapsulated PCL nanoparticles
and cumulative release amounts of oil from NSO1, NSO2, NSO3, and NSO4
formulations

 

Fig. 4 Cytotoxicity analysis of free oil and NSO encapsulated PCL
nanoparticles on J774 macrophage cells following to 144 h incubation
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antileishmanial activities of oil-loaded nanoparticles considerably
improved at the end of 144 h incubation in contrast to 72 h
incubation. Each nanoparticulate formulation leads to an
approximate 30% inhibition in promastigote growth at a 50 µg/ml
concentration and this rate reached 70% with a 1000 µg/ml
concentration of the formulation.

The most tremendous effect was seen when promastigotes were
exposed to NSO1, NSO2, NSO3, and NSO4 formulations for 192 h
(Fig. 7). Nearly 82% of promastigotes were inhibited following
their exposure to a concentration of 1000 µg/ml. The IC50 value of
NSO1 was 195 µg/ml. Similarly, after 192 h exposure to the
highest concentration, the NSO2 formulation killed 84% of L.
infantum promastigotes and its IC50 value was 175 µg/ml. Similar
results were obtained when promastigotes were treated with
various concentrations of NSO3 and NSO4 formulations ranging
between 50 and 1000 µg/ml for 192 h.

Exposure to lower concentrations such as 50 and 100 µg/ml was
not meaningfully effective against promastigotes for each time
interval. However, the application of concentrations higher than
100 µg/ml leads to extreme inhibition of L. infantum parasites,
especially at the end of 192 h. NSO3 and NSO4 formulations
eliminated nearly 90% of L. infantum promastigotes when a
concentration of 1000 µg/ml was used. IC50 values were 167 and
159 µg/ml for NSO3 and NSO4 formulations, respectively.

Similar to other time intervals, free oil demonstrated the most
remarkable effect on promastigotes at the end of 192 h incubation
since exposure to free oil resulted in inhibition of more than 90%
of L. infantum parasites with an IC50 value of 125 µg/ml. On the
contrary, this was obviously determined from the results that each
oil-loaded PCL nano-formulation extremely inhibited parasitic
growth along with an increase in incubation time, but their anti-
promastigote activity was not remarkably effective at the earlier
investigated time intervals, such as 72 h. This enhanced anti-
promastigote efficacy indicates increased degradation rates of PCL
nanoparticles which facilitated the release of oil molecules with the
passage of time.

3.8 Anti-amastigote assay

As the antileishmanial activities of investigated formulations on
promastigotes increased by exposure time, we only investigated
anti-amastigote efficacies of formulations at a time interval of 192 
h. Fig. 8 illustrates the antileishmanial effects of different
concentrations of synthetised oil encapsulated PCL nanoparticulate
formulations on L. infantum amastigotes via infection index
analysis in a comparison with free oil molecules and also empty
nanoparticles. Free nanoparticles did not show any inhibitory
effects on L. infantum amastigotes. On the other hand, it was
demonstrated that each formulation substantially decreased
infection index ratios of macrophages infected with parasites. The
other important point that must be emphasised is anti-amastigote
activities of formulations were largely increased dependent on
concentrations. When the highest concentrations were applied,
dramatical reductions in infection indexes were recorded
independently of formulation types. 

The most significant effect was observed when the parasites
were exposed to 1000 µg/ml NSO4. It was determined that
exposure to a mentioned concentration of NSO4 resulted in
approximately 4.5-fold decrease in infection index values in
contrast to control. This was followed by NSO3, NSO2, and NSO1
with variable reductive effects ranging between 3.8 and 2.6 folds
when compared with the control. IC50 values were measured as
165, 143, 115, and 102 µg/ml for NSO1, NSO2, NSO3, and NSO4
formulations, respectively, indicating that NSO4 formulation
elicited the most significant anti-amastgiote efficacy following to
192 h incubation. Furthermore, the anti-amastigote efficacy of free
NSO oil was also illustrated in Fig. 8. As it was shown, free oil
exhibited superior antileishmanial effects on amastigotes when
compared with oil-loaded PCL nanoparticles. Following free oil
exposure, infection index values of macrophages diminished
almost 5-fold in contrast to control. IC50 values of free oil on L.
infantum amastigotes were measured as 95 µg/ml. These results
revealed that oil encapsulated nanoparticulate formulations
especially NSO3 and NSO4 elicited strong anti-amastigote

Fig. 5 Growth inhibition percentages of L. infantum promastigotes that
are exposed to NSO1, NSO2, NSO3, NSO4 formulations, and free oil for 72 
h

 

Fig. 6 Growth inhibition percentages of L. infantum promastigotes that
are exposed to NSO1, NSO2, NSO3, NSO4 formulations, and free oil for
144 h

 

Fig. 7 Growth inhibition percentages of L. infantum promastigotes that
are exposed to NSO1, NSO2, NSO3, NSO4 formulations, and free oil for
192 h
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efficacies and their effectivenesses were close to the administration
of free oil.

3.9 Evaluation of nitric oxide amounts

In the last step of our experiments, we studied on detection of
released nitric oxide amounts from macrophages that were exposed
to various concentrations of NSO1, NSO2, NSO3, and NSO4
formulations, free PCL nanoparticles and free oil molecules
varying between 50 and 1000 µg/ml for 192 h. As it is indicated in
Table 2, all investigated samples improved the amounts of released
nitric oxide from J774 macrophage cells, in contrast, to control
dependent on increased sample concentrations. Table 2 clearly
illustrates that NSO encapsulated PCL nanoparticles supremely
stimulated macrophages to generate higher levels of nitric oxide in
contrast to free nanoparticles and free oil. Application of non-
encapsulated free NSO leads to 1.6-fold enhancement at most in
released nitric oxide amounts similar as free nanoparticles. On the
other hand, oil entrapped PCL nanoparticulate formulations lifted
produced amounts of nitric oxide in a range between 1.25 and 3
folds according to applied concentration. The most significant
effect was seen when macrophages were treated with NSO4
formulation at the concentration of 1000 µg/ml. At this
concentration, nanoparticle application resulted in approximately
3-fold increase in released nitric oxide amounts. This was followed
by an NSO3 formulation which leads to a 2.8-fold rise of nitric
oxide amounts at the same concentration. It was also determined
that the amounts of released nitric oxide amounts from
macrophages exposed to NSO1 and NSO2 formulations were not
as much as NSO3 and NSO4, but was nevertheless higher than
macrophages treated with free nanoparticles and oil. 

4Discussion
Because of their rich contents, vegetable oils exhibited strong
antibacterial, antiviral, antifungal, anti-oxidant, anti-cancerogenic,
and anti-inflammatory effects [35–37]. Due to these
multifunctional features, herbal oils can be used in various fields
like pharmaceutical industries, food chemistry, agriculture, and
dentistry. A limitation, however, is that since these oils comprise
unstable functional groups, their applications in biological systems
are problematic. Likewise, herbal oils demonstrate poor aqueous
solubility which results in a decrease in the bioavailabilities of
these bioactive molecules [38–41]. Another important factor that
restricts the use of essential oils in clinics is their toxicities. In
various research, essential oils caused cytotoxicity for kidney, liver,
blood, and spleen cells [42–44].

Thus, in order to improve bioavailabilities, decrease toxicities,
and enhance biological activities, researchers have recently focused
on the encapsulation of herbal oils into micro/nanoparticulate
systems. These systems also provide the delivery of these bioactive
molecules into desired regions of the body and prevent degradation
by blood enzymes during their transportation within the
bloodstream [38, 45, 46]. PCL nanoparticles have attracted the
attention of scientists in the field of drug/vaccine delivery along
with their major roles acting as scaffolds in tissue engineering
applications.

PCL is a biocompatible, bioavailable, non-toxic polymer that
can easily penetrate through vital barriers in the human body at
nano-scales and can implement controllable and sustained release
of drug molecules into targeted cells, tissues or organs [47–50]. In

the literature, there are several studies demonstrating the
encapsulation of essential oils and their components into PCL
nanoparticles. Choi et al. successfully achieved encapsulation of
eugenol into PCL nanoparticles by an emulsion-diffusion method.
They demonstrated that up to 99% encapsulation was obtained thru
this engulfment process that protected eugenol from light oxidation
[51]. In another study, Ephrem et al. succeeded in entrapment of
rosemary essential oils into PCL nanoparticles with a mean size of
220 nm and extremely high encapsulation efficacies up to a ratio of
99% [52]. In recent research, Thonggoom et al. investigated EE
values and release profiles of clove essential oil encapsulated into
amphiphilic polyethyleneglycol block polycaprolactone
nanoparticles by using various molecular weights of PCL and
different concentrations of essential oil. EE percentages of
nanoparticles changed between 54.8 and 73.0. Moreover, released
amounts of clove essential oil reached 70% after ten days of
incubation. The authors suggested the high potential of oil
encapsulated PCL nanoparticles for intravascular drug delivery due
to sustained release characteristics of polycaprolactone [53].
Despite the recently enhanced interest in essential oil encapsulated
PCL nanoparticles, the investigations into the antimicrobial
activities of nanoparticulate oil delivery systems are still minimal.

NSO is known as one of the most potent antimicrobial agents
and can inhibit several drug sensitive and resistant-bacteria,
viruses, fungi and parasites [54, 55]. In our previous study, we
examined the antileishmanial efficacies of NSO alone and in a
combination with TiO2-Ag nanoparticles [25]. At first, we
determined non-toxic concentrations of NSO and TiAgNps on J774
macrophage cells and it was found that 20, 30, and 50 µg/ml
concentrations of NSO were non-toxic. Besides, non-toxic dosages
of TiAgNps were evaluated as 10, 15, and 20 µg/ml. By using non-
toxic concentrations, combinations including different
concentrations of TiAgNps and NSO were prepared. All
combinations exhibited significant antileishmanial effect against L.
tropica promastigotes and amastigotes while the inhibitory
efficacies of non-toxic concentrations of NSO remained at lower
levels. This indicates improved antileishmanial effectiveness of
NSO when supplemented with another influential antimicrobial
agent.

Fig. 8 Infection indexes of the free NSO, empty PCL NPs, and different
concentrations of synthetised NSO encapsulated PCL NPs

 

Table 2 Amounts of released nitric oxide (nmol/ml) from macrophages treated with oil encapsulated nanoparticle formulations,
free oil, and free nanoparticles following to 192 h incubation

Free Np Free oil NSO1 NSO2 NSO3 NSO4
control 4.5 ± 0.31 4.5 ± 0.31 4.5 ± 0.31 4.5 ± 0.31 4.5 ± 0.31 4.5 ± 0.31

50 μg/ml 4.9 ± 0.47 4.6 ± 0.58 5.3 ± 0.38 5.7 ± 0.55 6.0 ± 0.63 6.6 ± 0.61

100 μg/ml 5.0 ± 0.45 4.9 ± 0.29 5.8 ± 0.44 6.8 ± 0.51 7.2 ± 0.66 8.1 ± 0.59

250 μg/ml 5.6 ± 0.38 5.8 ± 0.44 6.9 ± 0.53 7.7 ± 0.65 8.8 ± 0.61 9.5 ± 0.82

500 μg/ml 6.1 ± 0.50 6.3 ± 0.57 8.1 ± 0.63 9.6 ± 0.76 10.9 ± 0.75 11.5 ± 0.81

1000 μg/ml 7.3 ± 0.48 7.4 ± 0.61 10.3 ± 0.74 11.4 ± 0.85 12.8 ± 0.79 13.2 ± 0.91
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Considering toxic features and also the high bioactive potency
of NSO, we proposed that encapsulation of the mentioned oil into
PCL nanoparticles could enhance its antileishmanial activity while
decreasing its toxicity. Moreover, we also predicted that further
entrapment of NSO into polymeric nanoparticulate delivery
systems such as polycaprolactone might increase its water
solubility, provide stability within biological systems, protection
from degradation and facilitate its cargo into Leishmania-infected
cells and tissues.

There are a few studies in the literature regarding encapsulation
of NSO into polymeric nanoparticles. In one study on this subject,
Doolaanea et al. achieved the encapsulation of NSO into
biodegradable PLGA nanoparticles with high efficiency [56]. They
used 30 mg NSO as initial doses prior to encapsulation and
demonstrated that PLGA nanoparticles completely capsulised
included oil molecules by using FTIR spectroscopy. In 2016, the
same group performed another study in order to investigate
neuroregenerative activities of PLGA nanoparticles loaded with
NSO and plasmid DNA in combination for developing new gene
therapy model against neurodegenerative diseases. They showed
that application of co-encapsulated formulations provided
extensive and rapid neurite differentiation from neuroblastoma
cells when compared with PLGA nanoparticles that did not include
NSO [57]. Despite ongoing studies, no research has been
performed yet for encapsulation of NSO into PCL nanoparticles
and determination of their biological activities. The current study is
the first to investigate encapsulation of NSO into PCL
nanoparticulate delivery systems and determine their
antileishmanial efficacies.

At first, we observed that the mean sizes of oil-loaded
nanoparticles were significantly higher than empty nanoparticles
according to DLS analysis. This was an important signal indicating
efficient encapsulation of oil molecules. The mean sizes of PCL
nanoparticles increased when a higher initial concentration of NSO
was used. In a similar research, Govender et al. provided
encapsulation of a water-soluble drug named as procaine
dihydrochloride into PLGA nanoparticles by preparing
formulations that included different initial amounts of drug
molecules. Researchers demonstrated that when percentages of
drug content within particles increased from 0.2 to 4.6%, the mean
size of nanoparticles expanded from 157 to 209 nm [58]. This
indicates that enhanced sizes of drug-loaded nanoparticles directly
reflect the amount of drug molecules that are encapsulated into
delivery systems and this situation was observed in our current
study.

According to the release profiles of oil-loaded nanoparticles, we
found that all synthetised nano-formulations released more than
85% of encapsulated oil molecules after 288 h of incubation. It is
well known that degradation of PCL polymer is slower than other
polymeric nanoparticles such as PLGA and this facilitates the
sustained drug release characteristics of PCL-based nanoparticulate
delivery systems [29, 59, 60]. In a similar study, Kamaraj et al.
demonstrated that PCL nanoparticles that were loaded with DDA
(14-deoxy-11, 12-didehydroandrographolide), a herbal extract, and
released all the encapsulated drug molecules after 300 h of
incubation, while the percentages of released drug amounts were
measured as only 50% after 100 h of incubation [61]. This result
confirms an initially slower release profile of the PCL polymer and
indicates that a burst release of the drugs developed at the end of
3–4 days incubation. Since a maximum 30% release of NSO was
recorded after 72 h and this rate increased considerably with time,
our results are consistent with the data from previous studies.

After characterisation and determination of nano-formulation
release profiles, we explored the antileishmanial efficacies of NSO
encapsulated PCL nanoparticles on L. infantum promastigotes and
amastigotes, in vitro. We established that all tested formulations
inhibited more than 80% of L. infantum promastigotes at 192 h
incubation. Furthermore, oil-loaded nanoparticles showed the
significant anti-amastigote effect by dramatically suppressing the
infection indexes of macrophages. The most considerable
antileishmanial effect was observed when the NSO4 formulation
was applied since it inhibited more than 80% of L. infantum
promastigotes and amastigotes after 192 h incubation.

Overwhelmingly enhanced anti-promastigote activities of NSO oil-
loaded PCL nanoparticles ranging at time intervals between 72 and
192 h can be explained by rapid degradation of the PCL polymer
and increased amounts of released oil molecules after 72 h
incubation.

Another important result that was obtained by anti-promastigote
and anti-amastigote activity assay is that free NSO exhibited higher
antileishmanial effectiveness in contrast to oil-loaded nanoparticles
within tested time periods. We think that this may be arisen from
direct and instant contact of parasites with high dosages of oil
molecules, while nanoparticles provided a sustainable release of
oil. Therefore, parasites exposed to lower doses of NSO at the
beginning when they were faced with loaded nanoparticles even
though the same concentrations of free oil and oil encapsulated
PCL nanoparticles were applied. Nevertheless, inhibitory effects of
the nanoparticulate formulations increased with degradation of the
polymer by the time.

Several studies have demonstrated that drug encapsulated
nanoparticle formulations displayed similar or lower antimicrobial
efficacies in contrast to free drug. In a similar study, Akbari et al.
found that ciprofloxacin encapsulated niosomes were excellent
agents in order to overcome S.aureus infections; however, the
inhibitory activities of these nanoparticles were two times lower
than free drugs [62]. Hence, the determination of approximately
similar levels of antileishmanial activities against L. infantum
promastigotes and amastigotes are consistent with the results of
previous studies.

Furthermore, these NSO-loaded PCL nanoparticles are
appropriate for drug delivery systems since they show nearly
similar inhibitory effects, and they have potential to provide
sustained release of oil without any degradation, improving
bioavailability and solubility and transportation into Leishmania-
infected tissues. All these are advantages of using NSO-loaded
PCL nanoparticles compared to free oil.

In the last step of our experiments, we examined the stimulatory
roles of synthetised nanoparticles on macrophages to generate NO.
NO is known as a notable antileishmanial agent that can directly
kill the parasites by binding and disrupting vital parasite enzymes
or proteins. Moreover, it can also regulate the release of IFN-
gamma and IL-12 that are special cytokines that stimulate a Th1
immune response against parasitic evasion [63]. Therefore,
stimulating NO release from macrophages can be considered as a
critical performance metric for newly developed antileishmanial
compounds that provides complete eradication of the infection via
activation of the immune system. Our experiments found that
application of NSO encapsulated PCL nanoparticles resulted in a
2–4-fold increase in NO secretion of macrophages in contrast to
free oil and empty nanoparticles. As adjuvanicities of NSO oil and
PCL polymers were previously proven, the enhanced
immunomodulatory effects of NSO encapsulated PCL
nanoparticles may be associated with synergistic activities of these
two good adjuvants. On the other hand, in vitro macrophage
culture systems have some limitations in reflecting the results of in
vivo studies. Macrophages can demonstrate wide heterogeneity in
in vivo systems. Moreover, transformed cell lines promote some
genetic and phenotypical variations in contrast to primary cultures
[64–67] Therefore, utilisation of cell lines may not always
ascertain accurate considerations for in vivo results.

Consequently, this current study is the first to demonstrate that
NSO encapsulated PCL nanoparticles were excellent platforms that
possess high encapsulation efficacies, provided sustained and
enhanced release of oil molecules with significant antileishmanial
effectiveness with extreme inhibition of the growth of L. infantum
promastigotes and amastigotes. These promising data reveal that
PCL-based nanoparticulate delivery systems can be used in the
fight against leishmaniasis in the near future subsequent to the
determination of their in vivo activities. It is our opinion that such
nanoparticulate delivery systems may soon take the place of
current antileishmanial drugs.
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