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Abstract

Syzygium (S.) aromaticum L. (clove) essential oil (EO) has an excellent therapeutic potential including antimicrobial,
antiparasitic and antioxidant properties. However, its biological properties can be compromised by its high volatility,
toxicity and hydrophobic nature.

Nanoencapsulation is a promising approach for enhancing the therapeutic potential of EOs by improving their stability,
bioavailability and target delivery. Alginate and chitosan are commonly used natural polymers for nanoencapsulation of
EOs due to their biocompatibility, biodegradability and low toxicity.

The current study aims to develop and evaluate the biological activity of Syzygium (S.) aromaticum essential oil EO
encapsulated into nanometric delivery systems including alginate (AL), chitosan (CS), and the alginate-chitosan com-
plex (AL/CS). The best encapsulation system was selected based on the encapsulation efficiency, biological activity, and
cytotoxicity. The developed nanoparticle morphology was determined using SEM and characterized by zeta potential and
Fourier transform infrared spectroscopy (FTIR).

Results have shown that AL, CS and AL/CS-NPs produced nanoparticles with a nanometric size distribution
(526.8+2.34 nm, 641.5+0.31 nm and 849.8+3.57 nm, respectively). They also exhibited high encapsulation efficiency
(67.1%, 79.6% and 83.48%, respectively) and a zeta potential of -30+0.45mV, +32.8+0.22mV and + 11.74+0.13mV,
respectively. Interestingly, S. aromaticum EQO-alginate-chitosan complex nanoparticles exhibited the highest antioxidant,
antimicrobial, and antiparasitic potential among the encapsulated nanoparticles. The complex demonstrated the highest
antioxidant potential with ICs, values 30+ 1.34 and 45+5.36 pg/mL determined by DPPH and FRAP assays and potent
antimicrobial activity with MIC values ranged from 125 to 500 pg/mL. It also displayed the greatest antileishmanial activ-
ity against L. donovani, L. guyanensis and L. tropica promastigotes, with effective ICs,, values of 6.33+0.16, 8.51 +0.23,
and 15.66+0.75 pg/mL, respectively. Interestingly, the current study demonstrated that the EO/AL/CS-NPs complex sig-
nificantly reduced the toxicity and hemolytic potential of S. aromaticum EO by 19.40% and 26.76%, respectively through
controlled and sustained release.

These findings demonstrate the promising potential of alginate-chitosan encapsulation of S. aromaticum EO in biomedi-
cal and pharmaceutical application as a stable, safe, and effective therapeutic alternative to free EO.
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activities such as antioxidant [1], antimicrobial [2] anti-
parasitic potential [3] and anti-inflammatory properties [4].
Nevertheless, its use in food industry, pharmaceutic and
cosmetic fields still faces several limitations due to high
volatility, instability, hydrophobicity character and sensitiv-
ity to oxygen, light and heat during processing. In addition,
its interaction with other components still limits its uses [5].

To overcome these challenges, nanoencapsulation can
be used as an efficient approach for increasing the stabil-
ity of EOs, protecting them from evaporation, oxidation
and the interaction with other ingredients [6]. This process
enhances EO stability and bioactivity by controlling release
from natural carriers [7]. Moreover, the encapsulation may
decrease the concentration of the EO and consequently
decrease its toxicity and biodegradability [8]. Nanocarriers
have great potential in several industries and it is largely
used in pharmaceutical and medicine field to fight micro-
bial drug resistance and drug delivery problems [9]. In fact,
they can increase cellular interactions between the EO and
the pathogen and consequently increase the antimicrobial
potential of the active compound. Furthermore, nanocar-
riers can improve the availability of the encapsulated EO
by protecting it from degradation and by increasing its
solubility. They may also extend the release of the EO for
sustained therapeutic effects [10]. In addition, nanocarriers
may be used as biological preservative, in cosmetics to treat
chronic wounds and acneic problems [11] and in ood borne
illnesses by the coating of meat, vegetables and flour prod-
ucts by through the incorporation of edible films containing
encapsulated EOs [12]. Moreover, they have been shown
to effectively control mycotoxin contamination in several
cases [13, 14]. Actually, they are considered as ‘Generally
Recognized as Safe’ (GRAS) by the US Food and Drug
Administration because their long term traditional use and
their proven safety profile against mammalian system [13].

Numerous nanocarrier have been investigated for essen-
tial oil encapsulation including biopolymer polysaccharides
and lipid based nanocarriers [15]. Among them, chitosan
and alginate have been emerged as highly promising nano-
carriers and have been extensively studied [16]. They are
natural polysaccharide non-toxic, biocompatible and biode-
gradable. In addition, they possess a variety of biological
properties including antibacterial, antifungal, antioxidant,
insecticidal, and muco-adhesive activities, as well as lon-
ger in vivo circulation time [17]. Chitosan is a positively
charged linear copolymer polysaccharide composed of
D-glucosamine and Nacetyl-D-glucosamine with reactive
amino and hydroxyl groups [13]. It is prepared from chi-
tin by deacetylation using alkaline solutions. Generally, it is
soluble at low pH and has a unique property called the “per-
meation enhancing effect” making it a good carrier system
[20, 23]. CS has a unique chemical structure that includes

free amino groups, which give it good electrolytic potential.
These amino groups can be cross-linked to form a three-
dimensional network. Besides, the formulation based chito-
san avoids the use of organic solvents which makes it a good
encapsulation system [18]. CS also showed antimicrobial
properties [19, 20]. As it contains glucosamine copolymers,
the properties of CS are similar to those of cellulose. These
copolymers have been found to be effective in trapping
essential oils, which could be released slowly over time
[21]. Additionally, chitosan helps to reinforce the structure
of the nanoparticles, making them more stable [22]. These
nanoparticles have the ability to enlarge the contact surface
by swelling in response to the osmotic differences [23].
CS nanosystem is prepared by emulsification followed by
ionic gelation in the presence of TPP. Indeed, ion gelation
is one of the most effective encapsulation methods that lead
to considerable stability, long life, high encapsulation effi-
ciency as well as a good solubility of the EO in water [18].
Alginate is another natural polyanionic carrier charac-
terized by its mechanical stability of beads. It consists of
B-D-mannuronic acid (M) and o-L-glucuronic acid (G)
copolymers. They are known to undergo proton-catalyzed
hydrolysis that is dependent on pH and temperature [24].
Alginate is commonly used for encapsulating EOs. The for-
mation of a stable alginate gel structure depends on pH, ionic
strength, and concentration of the alginate solution [25]. At
low pH, alginic acid forms a gel-like structure, which encap-
sulates the EO and prevents its release. However, at high
pH values, the alginate gel structure becomes unstable and
starts to dissolve leading to the release of the encapsulated
EO [26]. Alginate is suitable for oral consumption and has
been widely used as a food and pharmaceutical ingredient.
It improves the stability and bioavailability of EO with high
mucoadhesive strength. The formulation of alginate-based
nanoparticles can only be obtained after ionic cross linking
by emulsification and ionic gelation with CaCl, [25]. The
latter plays a key role in the formation of nanoparticles. It
is a commonly used cross-linking agent that interacts with
alginate G-blocks to form insoluble mesh pre-gels [26].
Chitosan and alginate are biopolymers that have opposite
charges, making them ideal for forming a polyelectrolyte
complex (PEC) [26, 27]. The formation of PEC between
chitosan and alginate is influenced by various factors such
as pH, molecular weight of the polymers, and the ratio of
alginate and chitosan. Chitosan- alginate complex consti-
tutes an attractive drug delivery system with several posi-
tive aspects, including improved stability, solubility, and
controlled release of the encapsulated EO [27, 28]. Hence,
the present study aimed to evaluate different nanocarrier of
S. aromaticum EO like alginate, chitosan and alginate/chi-
tosan complex. The choice of the best encapsulation system
was based on the encapsulation percentage, the biological
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activity and cytotoxicity. The obtained nanoparticles were
characterized by zeta potential and FTIR. A study of the EO
release from nanoparticles over time was also undertaken.

Materials and Methods
Plant Material

The Syzygium aromaticum EO used in the present study was
purchased from the local market in Tunisia as dried flower
buds [29].

Chemicals

Chitosan low molecular weight (LMW), Sodium Alginate,
Pentasodium Tri-Polyphospate (TPP), Tween 80 and acetic
acid were purchased from Sigma-Aldrich. Calcium chlo-
ride and other solvents used in this study were of analyti-
cal grade. All chemical reagents used for antioxidant assays
were purchased from Sigma-Aldrich (GmbH, Steinheim,
Germany). All solvents used for extraction and fractionation
procedures were purchased from Merck (Darmstadt, Ger-
many). Amphotericin B (98% purity, from Sigma—Aldrich,
USA) was used as a positive control. All experiments were
performed in triplicates and were carried out using deion-
ized distilled water.

Bacterial, Fungal Strains And Culture Conditions
Microbial Strains

The antibacterial activity of loaded and unloaded S. aro-
maticum EO was determined against Gram-negative bacte-
ria (Escherichia coli ATCC 25,922, Klebsiella pneumonia
CIP 104,727 and Salmonella enteritidis DMB 560) and
against Gram-positive bacteria (Staphylococcus aureus
ATCC 6810, methicillin-resistant, Staphylococcus aureus
(MRSA) and Listeria monocytogenes ATCC 19,115). The
antifungal activity was assessed against C. albicans ATCC
10,231. Bacterial and fungal strains were procured from
the collection of the Laboratory of Bioactive Substances,
CBBC, Tunisia and were cultured at 30 °C in Luria-Bertani
Broth (LB) and Sabouraud dextrose agar (SDA) medium,
respectively.

Parasitic Strains
The In-vitro antileishmanial activity of loaded and unloaded
EO was investigated against promastigote form of three

species that cause wide range of clinical manifestations:
L. tropica responsible for cutaneous leishmaniasis, L.
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donovani responsible for visceral leishmaniasis and L.
guyanensis responsible for muco-cutaneous leishmani-
asis. These strains were maintained at 26 °C in RPMI 1640
medium (Gibco-Invitrogen) supplemented with 10% heat-
inactivated fetal calf serum, penicillin (100 U/mL) and
streptomycin (100 pg/mL) [30].

Maintenance of Cell Culture

Cytotoxicity was investigated against macrophages cells
Raw 264.7 in RPMI medium containing 10% fetal bovine
serum, 100 U/mL Penicillin/Streptomycin. Cultures were
maintained at 37 °C in the presence of 5% CO, and humidi-
fied atmosphere.

Essential Oil Extraction

The essential oil of Syzygium aromaticum (cloves) was
extracted by hydrodistillation processes in accordance to
the recommendations of the European Pharmacopoeia [31].
Approximately 200 g of cloves were hydrodistilled for 4 h
using a Clevenger type apparatus and stored at -20 °C until
use. The percentage yield of cloves EO was determined as:

EOyield (%) = (EO weight / weight of cloves powder) * 100 (N

GC-MS Analysis of Syzygium AromaticumEO

The essential oil Syzygium aromaticum was analyzed by
gas chromatography (GC-FID) and gas chromatography—
mass spectrometry (GC/MS) (Agilent Technologies, Palo
Alto, CA, USA). In Brief, one microliter of S. aromaticum
EO was investigated with Hewlett Packard 5975, with HP
INNOWAX polar column (30 m X 0.25 mm X 0.25 pm).
Helium was the carrier gas with a flow rate of of 1.2 mL
min~; a split ratio of 60:1; scan time and mass range were
Is and 40-300 m/z, respectively. Column temperature was
initially kept at 60 °C for 6 min and then gradually increased
to 280 °C at 5 °C/min rate. The compounds were identified
by a combined search of retention time and mass spectra in
the Wiley 09 NIST 2011 mass spectral library of the GC—
MS data system.

Preparation of S. Aromaticum Essential Oil-loaded
Chitosan Nanocapsules

S. Aromaticum EO/Chitosan-NPs
S. aromaticum EQO/chitosan nanoparticles (S. aromati-

cum EO/ CN-NPs) were prepared using the ionic gelation
method as described previously [6, 9]. In brief, CS was
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added to an aqueous acetic acid solution (1% v/v, 40 mL)
and stirred for 24 h. The pH was maintained at 4.6. Tween
80 (0.1%) was added as a surfactant with agitation for 1 h in
order to obtain homogenous mixture. Different amounts of
EO at proportion 1:1, 1:2 and 1:4 ratio (1, 2 and 4 mg/mL)
were added drop wise with magnetic stirring for 1 h at room
temperature. Nanoparticles were formed by the addition of
TPP solution (1 mg/mL). Smaller size nanoparticles were
obtained using sonication. Finally, NPs were collected by
centrifugation at16000 rpm for 30 min at 4 °C and obtained
pellet were immediately stored at 4 °C until use.

S. Aromaticum EO /AL-NP

Briefly, a sodium alginate solution (AL) was dissolved in
distilled water (0.6% w/v) and 1% (w/v) Tween-80 under
continuous magnetic steering for one hour at 25°C as pre-
viously described [25]. Subsequently, different concentra-
tions of S. aromaticum EO were added drop wise to the AL
emulsion and pH was fixed at 4,9. The mixture was stirred
for additional 90 min. The ratio AL/EO were 1/1, 2/1 and
4/1. After that, 3 cycles of sonication were performed for
5 min and 5 s of repos in an ice bath to form the emulsion. A
solution of CaCl, (0,5 mg/mL) was gradually incorporated
to the prepared solution. Finally, S. aromaticum EO loaded
alginate beads (size ranging from 300 to 600 nm) were col-
lected by centrifugation at 16,000 rpm for 30 min a 4 °C.

S. Aromaticum EO/AL/CS- NPs

The preparation of EO-loaded AL and CS nanoparticles was
performed using ionic gelation followed by polyelectrolyte
complexation (CPE) [26-28]. CPE is obtained by the inter-
action of the negatively charged carboxyl residues of AL
with the positively charged amine groups of CS through
ionic bonds to form AL-CS nanoparticles. Briefly, a solu-
tion of S. aromaticum EO (50 mg/mL) was added dropwise
to a solution of AL (0.6% m/v) at adjusted pH (4.9) and
stirred for 90 min followed by sonicated for 3 cycles of
5 min. A solution of CaCl, at (0.5 mg/mL) was then added
dropwise to form a pre-gel which was shaken for 90 min
and sonicated for three cycles of 5 min. The emulsion was
then combined dropwise into a solution of CS (0.1%) at
various proportions (1/2/1, 1/2/2 and 1/2/4). The resulting
suspension was stirred for 90 min and sonicated for three
5 min cycles. Finally, the solution was centrifuged and the
nanoparticles in the pellet were recovered and then stored at
4 °C until use.

Physicochemical Characterization of Nanoparticles

The characterization of the encapsulated products was car-
ried out by zeta potential and the FTIR.

Particle Size and Zeta Potential Determination

The particle size distribution and zeta potential of the formed
nanoparticles were determined by dynamic light scatter-
ing (DLS) using a Malvern Zeta-sizer Nano ZS instru-
ment and Zeta-sizer software (Malvern Instruments, UK)
[32, 33]. Zeta potential measurements including Dz and
PDI, provides information about the potential stability of
the nanoformulations. Measurements were made by aque-
ous diluted samples (2:1 ratio) using the principle of photon
correlation spectrometry. The samples were appropriately
diluted 10-fold with the same buffer before determination
and transferred into a polystyrene cuvette for size determi-
nation at 25 °C. After that, the Dz and PDI were recorded.
Three experiments were carried out with each sample, and
each measurement was obtained from the mean of at least
10 readings of the sample.

In addition, the shape and the morphology of the formed
nanoparticles were examined using a scanning electron
microscope (SEM, JSM-5400 JEOL) operating at 10 kV.

Fourier Transform Infrared Spectra Analysis

FTIR (Fourier Transform Infrared) spectroscopy is a pow-
erful analytical technique widely used to identify and char-
acterize chemical compounds based on the absorption of
infrared radiation. It allow the measurement of atoms oscil-
lations in molecules that provides information about chemi-
cal bonds, functional groups and covalent interactions if
exist [34]. Samples were mixed with KBr and crushed to
fine powder and discs were prepared by hydraulic press.
Spectra were scanned over the wave number range from 500
to 4000 cm™! (Frontier, Perkin Elmer, Bruker’s Vertex 70).

Encapsulation Efficiency of Essential Oil-loaded
Nanoparticles

The encapsulation efficiency (EE%) of the S. aromaticum
EO loaded nanoparticles was determined spectrophoto-
metrically at 280 nm by subtracting the concentration of
EO in the supernatant from the initial amount of EO used
[27]. Briefly, after centrifugation at 10,000 rpm for 30 min,
the supernatant containing non-associated EO was col-
lected and diluted in distilled water (1/10). A standard curve
plotted using different concentrations of EO was used to
determine the concentration of the S. aromaticum EO. The
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encapsulation efficiency was calculated by using the follow-
ing Eq. (1):

Encapsulation efficiency (%) = (E2 — E1) /E2X 100% 2)

Encapsulation efficiency (%), E2: Total amount of oil. E1:
Free oil.

In-vitro Release Studies

The In-vitro release rate of S. aromaticum EO from nanopar-
ticles was studied on 20% ethanol according to Hosseini
[18]. In brief, the 20 mg of EO-loaded nanocapsules were
redispersed at 40% ethanol. The use of ethanol helps to
obtain less aggregation and more uniformly EO release. The
release study was performed at 30 °C and different time (0,
1,2,3,4,6,24,48 and 72 h). The samples were centrifuged
for 30 min at 16,000 rpm and the cumulative amount of EO
in the supernatant was quantified spectrophotometrically as
follows:

Release (%) = [Cumulative amount of EO/Total amount of EO] X 100 (3)

Biological Activity of Nanoparticles
Antioxidant Activity

The antioxidant activities of S. aromaticum EO and formed
nanoparticles were investigated using two tests: the antirad-
ical capacity by trapping the free radical DPPH and the Fer-
ric reducing antioxidant power (FRAP assay) as described
previously [35, 36].

DPPH Scavenging Assay The DPPH solution (2,2-diphe-
nyl-1-picrylhydrazyl) was prepared in methanol at a con-
centration of 0.6 mM and an absorbance of 0.680 +0.050 at
517 nm as previously described [37]. Briefly, 10 mg of sam-
ples were mixed vigorously with the DPPHe and incubated
at room temperature in the dark for 30 min. After that, the
absorbance was measured using UV-Vis spectrophotometer,
and the antioxidant activity was expressed using 1Cs, (ng/
mL) value, which corresponds to compound’s concentration
required to scavenge 50% DPPH free radical. The inhibition
percentage (%) was calculated according to the following
formula:

Percent inhibition (%) = [(Ag—— A1) / Ag] x 100 4

A, is the absorbance of the DPPH solution with no sample
and A, is the absorbance of the sample or standard reference
at 30 min. Butylated hydroxytoluene (BHT) was used as a
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standard reference for comparison. All samples were ana-
lyzed in triplicates.

Ferric Reducing Antioxidant Power (FRAP Assay) The
Ferric Reducing Antioxidant Power (FRAP) assay is a
method based on the capacity of a substance to reduce Fe*?
to Fe™? in the presence of TPTZ. Briefly, EO or nanopar-
ticles were mixed with 2.5 mL of 1% potassium ferricya-
nide and 2.5 mL phosphate buffer solutions (0.2 M, pH 6.6).
After 20 min of incubation at 50 °C, 2.5 mL of trichloro-
acetic acid (10%) was added and centrifuged for 10 min at
3000 rpm. The supernatant was mixed with to equal volume
of distilled water and 2 volume of ferric chloride (0.1%)
and the absorbance was measured at 700 nm. Ascorbic acid
was used as positive controls. Results were expressed by
EC50 value as ascorbic acid equivalents per ug of plant
extract [38]. All tests were carried out in triplicate.

Antimicrobial Activity

Well Diffusion Method The antibacterial activity of S. aro-
maticum EO nanoparticles was performed initially using
the agar well diffusion method, as reported previously [39].
Briefly, all bacterial suspensions were prepared in PBS to
reach McFarland 0.5 (1-2x 108 CFU/mL). After that, sus-
pensions were spreaded on agar plates using sterile swabs.
Samples were added into agar wells in Mueller Hinton
(MH) broth and incubated overnight at 37 °C for 24 h. Inhi-
bition zones (IZ) around the well was measured indicating
the presence of antibacterial activity.

Minimum Inhibitory Concentration Determination Micro-
dilution broth assay was used to determine the Minimum
inhibitory concentration (MIC) of S. aromaticum EO
nanoparticles using 96 micro-well plates as previously
described [40]. In brief, two-fold serial dilutions of samples
(from 62.5 to 2000 pg/mL) were added to 2 x 10* CFU/mL
of bacterial suspension or 10° cells/mL of yeast suspen-
sion. Plates were incubated for 24 h at 37 °C. The minimum
inhibitory concentrations (MIC), defined as the lowest con-
centration of the active ingredient that inhibited microbial
growth, was determined by the addition of MTT solution
(10 mg/mL).

Antileishmanial Activity

The Antileishmanial activity of tested nanoparticles was
evaluated as previously described [30]. Briefly, different
concentrations of S. aromaticum EO and formed nanoparti-
cles (from 15.62 to 1000 pg/mL) were added in RPMI-1640
medium into 96-well culture plates and were incubated for
24 hat 37 °C in 5% CO, in the presence of 2 x 10° parasites/
mL of Leishmania promastigote species (already counted
by microscopy examination using malassez cells). After
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72 h of incubation at 26 °C, cell viability of the parasite was
assessed using the colorimetric assay with 3-(4.5-dimethyl-
thiazol-2-yl)-2.5-diphenyl tetrazolium bromide assay (MTT,
Sigma-Aldrich). Subsequently, 10 pL of MTT (10 mg/mL)
were added to each well and an additional incubated for
4 h at 37 °C was performed. Formazan crystals produced
by viable parasites were solubilized using pure DMSO and
optical density (OD) was measured at 570 nm (spectropho-
tometer Synergy HT, Bioteck).

The inhibition concentration 50% (ICs,) was determined
by applying a sigmoidal regression of a dose-response
curve using the GraphPad Prism™ (version 6.0 for Win-
dows). Amphotericin B (AmpB) was used as a drug control
(0-12.5 pg/mL, Sigma-Aldrich). All determinations were
performed in triplicate.

Cytotoxicity Assay and Selectivity Index

The cytotoxicity of S. aromatium EO and formed nanopar-
ticles was evaluated /n-vitro in murine macrophages cells
(Raw 264.7) as a model for mammalian cells. Macrophages
viability was evaluated under light microscope by counting
the cells after their staining with 0.1% trypan blue solu-
tion. They were cultured into a 96-well tissue culture plate
and allowed to adhere overnight as previously described
[30, 39]. Culture medium was replaced with fresh one
containing the same sample concentrations (from 15.62 to
1000 pg/mL) and the plates were incubated for additional
72 h. Viability was estimated by the MTT test as previously
described [41]. Cytotoxicity expressed as CCs,, corresponds
to the treatment concentration causing 50% of cell death and
the selectivity index (SI) was determined as the ratio CCy,
macrophage/ICs, parasite [30].

Hemocompatibility Assay

The hemocompatibility of S. aromatium EO and formed
nanoparticles can be understood by the hemolysis test
which considered as an additional cytotoxicity parameter.
Fresh human erythrocytes were drawn from a healthy vol-
unteer and incubated with 0.9% saline solution at 37 °C.
S. aromatium EO-loaded nanoparticles were added, at the
same concentrations tested above, to diluted erythrocytes
(107 cells mL~") and incubated for 1 h at 37 °C. Then, the
suspension was centrifuged at 2500 rpm for 15 min. Cell
lyses percentage was calculated spectrophotometrically at
570 nm. Diluted Blood in distilled water was considered
as the positive control (100% lysis) and diluted blood in
0.9% saline solution was considered as the negative con-
trol. Results were calculated by the hemolysis percentage
as compared to the negative (PBS 1x corresponding to 0%
lysis) and positive (distilled water corresponding to 100%

lysis) controls, respectively [42]. The percentage of hemo-
lysis was determined using the following formula (5):

%% hemolysis = [(ODsample—— ODuegativecontrol (=) )/ (ODpesitivecontro = = ODnegativecontrol)] X 100 (5)

Statistical Analysis

The statistical data analysis was performed using one-way
analysisof variance (ANOVA) with SPSS software version
20 (SPSS 20). Analyses were collected from independent
triplicates experiments and expressed as mean and stan-
dard deviation (SD). Results were considered as significant
for P<0.05. IC5, was calculated by GraphPad Prism 5.03
software.

Results and Discussion
Yield of Extraction and GC-MS Analysis

The extract yield of S. aromaticum EO was about 3.27%.
Similar results were reported using the same extraction
technique (Clevenger apparatus) and showing an extract
yield ranging from 0.18 to 7.6% [43, 44]. Nevertheless, this
yield proved to be less important than that obtained by other
extraction methods such as supercritical fluid giving a yield
of 19.56% [45]. Other studies reported a yield of 11.6%
[46]. In general extraction yield is influenced not only by
the extraction method but also by the particle size of the
grounded cloves.

In addition, a total of 7 volatiles compounds were iden-
tified by the GC-MS analysis (Table S1). The main active
component was eugenol (92.62%). Phenylpropanoid com-
pounds were found at high proportion (97.66%). Whereas,
the class of sesquiterpenes hydrocarbon and aromatic esters
were present at lower proportions (2.16% and 0.15%,
respectively). They include minor compounds like acety-
leugenol and f-caryophyllene which were found at 4.94%
and 1.79%, respectively. These results are in agreement
with previous data showing that eugenol is the most abun-
dant constituent of around 95% in S. aromaticum EO [3,
47]. Other studies have reported the presence of eugenol at
89.6%, p-caryophyllene at 8.6% and acetyleugenol at 1.7%
in S. aromaticum EO [48]. The difference in yield and com-
position of S. aromaticum EO could be related to various
conditions including genotype, environment, geographical
origin, harvesting season, drying way and time, temperature
and the extraction method [4, 46, 49].
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Determination of Encapsulation Efficiency (EE%)

The encapsulation efficiency is an important parameter to
evaluate the quality of the entrapped EO within the nanopar-
ticles and reflects the retention rate of the EO in nanopar-
ticles system during the preparation process.

The nanocareer showing the higher level of EE is select
as the best system as it increases the EO preservation and its
shelf-life. Generally, it is affected by the ratio of EO/nano-
career [50].

As shown in Table 1, the encapsulation efficiency sig-
nificantly increased (P<0.05) with the increase of EO
concentration. It ranged from 15.1 to 79.6% when it was
encapsulated into chitosan. However, lower EE% of algi-
nate/EO ranging from 11.34 to 67.1% was recorded. The
highest encapsulation efficiency (83.48%) of S. aromati-
cum EO was obtained with the complex chitosan/alginate
nanoparticles at the ratio 4:1 reaching up to 79.6%. It was
considered as the most successful loading system. This
increase in EE could be explained by the strong electro-
static interaction of the amine groups (NH?") of the CS with
the carboxyl groups (COO™) of the AL and the important
entrapment of the EO leading to a reduction in the leakage
of the encapsulated EO.

Similar studies have reported EE values from 20 to 95%,
depending on the ratio of EO/nanocareer, the type of used
nanocareer and the stability of the formed emulsions [26—
29] Moreover, the EE of S. aromaticum EO in CS nanopar-
ticles was shown to be between 55.8 and 73.4% [19, 50, 51].
However, the results of Matshetshe [50] revealed that lower
EE of cinnamon EO in CS nanoparticles (ranged from 10.12
to 20.04%) was observed at higher EO levels. It was also
reported that the EE values for thyme EO and carvacrol in
CS nanoparticles are depending on the relative proportion
of the CS and the EO [52].

In addition, the EE is affected by the method of formu-
lation of the EO/CS nanoparticles [53]. Indeed, the addi-
tion of TPP in the absence of oil interconnect only with
the positively charged CS molecules as they interact with
the polyphosphate groups of TPP under acidic conditions.
When the EO droplets were present at the beginning, the

Table 1 Encapsulation efficiency of formed nanoparticles

EO/career ratio EE %
1/1 15.1%
Chitosan 2/1 54.2%
4/1 79.6%
1/1 12.34%
Alginate 2/1 25,7%
4/1 67,1%
1/2/1 22.62%
Chitosan-Alginate 2/2/1 51.46%
4/2/1 83.48%
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amino-protonated groups of chitosan molecules surround-
ing the EO also interact with the polyphosphate groups of
TPP under acidic condition, leading to the solidification by
the ionic gelation method and spontaneous formation of
nanoparticles [53-55].

The reduced EE of EO/AL-NPs could be explained by
the porous structure of alginate and its low viscosity which
can result in a faster release of the trapped active compounds
[56]. Moreover, EE decrease could be attributed to the low
affinity of the EO to AL polymer leading EO diffusion.

In order to strengthen the encapsulation system, a new
system has been proposed which consists of a polyelectro-
lyte complexe formation by the interaction of molecules
that carry ionizable groups of opposite charges. This method
was found to be simple and reproducible making it an
attractive option for encapsulating EOs [57-59]. This pro-
cedure was performed in two steps. The first step is the pre-
gel preparation of AL and CaCl, via ionic gelation followed
by cross-linking with CS via polyelectrolytic complexation.
During this step, polyguluronate units of AL molecules che-
late CaCl, and form spherical structures. Calcium ions have
an affinity for the guluronic (G) and mannuronic (M) units
of AL and form an egg-box structure with the repeating G
units [60]. When stacking the G units, the AL chains form
a gel network. The ability of alginates G acid residues to
complex with divalent ions such as calcium allows the for-
mation of pre-gel [57]. It was reported that the pre-gel state
is essential to allow the ionic interaction between Ca-AL
and CS and to promote polyelectrolytic complexation. As
the calcium chloride concentration increases, the CS bind-
ing rate increases [57, 58].

The second step in the process is polyelectrolytic com-
plexation. Upon addition of CS, a strong electrostatic inter-
action of the amine groups (NH,™) of CS with the carboxyl
groups (COO") of AL at acidic pH leads to the formation
of AL-CS nanoparticles. This electrostatic interaction leads
to the formation of a stable bond between the CS and the
AL nanoparticles resulting in the bonding of CS to the sur-
face of AL [57-61]. The percentage of EO encapsulation in
the AL-CS complex was improved and was around 83.48%
compared to the EE percentage observed for EO/CS and EO/
AL nanoparticles. These results appear to be in agreement
with previous studies which have found that turmeric oil
and lemongrass oil showed high encapsulation in the range
of 71.1% and 86.9%, respectively, in the complex AL-CS
[62]. These studies have suggested that the main function
of AL is to trap the EO while CS improves the mechanical
strength of the nanoparticle by reducing the porosity of the
AL nanoparticles and decreases EO leakage by forming a
polyelectrolytic complex [61].
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Nanoparticles Characterization

The results of nanoparticle size, zeta potential and poly-
dispersity index (PDI) of encapsulated EO in studied
nanocareers are presented in Table 2. CS-EO, AL-EO
and CS-AL-EO nanoparticles showed a particle size of
641.5+0.31,526.8 +2.34 and 849.8 +3.57 nm, respectively
(Figure S2). Noteworthy, after EO encapsulation, the par-
ticle size significantly increased (p<0.05) by 219.6 and
210 nm for CS and AL, respectively. However, this increase
was more pronounced for the complex CS-AL-EO nanopar-
ticles. A comparable increase in particle size was also
observed for oregano EO-loaded chitosan NPs (from 281.5
to 402.2 nm) [18]. The particle-size increase was attributed
to the incorporation of the EO into the complex network, as
well as the difference in the shear forces exerted during the
coating process, influenced by the viscosity of the chitosan
and sodium alginate [36].

Furthermore, the scanning electron microscopy image
of S. aromaticum EO/AL/CS-NPs observed in Figure S1,
showed uniformly shaped spherical particles with well
defined structure and regular distribution. Notably, the
absence of any cracks in the particles was also evident from
the analysis.

Furthermore, the polydispersity index (PDI) of the syn-
thesized nanoparticles indicates lower values and conse-
quently homogenous distribution. In accordance with the
ISO organization, nanoparticles with a PDI less than 0.5 are
monodisperse, While, a PDI exceeding 0.7 indicates a high
degree of polydispersity and aggregate formation.

The observed increase in both the size of nanoparticles
and their positive surface charge may be attributed to the
complete ionic cross-linking, which was brought about by
the higher protonation of amino groups [63].

The zeta potential is a useful tool to measure the magni-
tude of electrostatic attraction or repulsion between particles
and to evaluate the stability of nanoparticles. It controls the
aggregation, dispersion and flocculation of nanoparticles
and it can also be used to evaluate the stability of the formed
nanoparticles [19].

In this study, a significant (P <0.05) decrease in the zeta
potential was observed upon encapsulating S. aromaticum
EO into AL and CS (+11.74+0.13 mV). This decrease
was attributed not only to the increase of EO concentra-
tion, but also to the type of nanocareer used [15]. Indeed,

this reduction could be the result of a lower availability
of free amine groups “NH,” of chitosan or ionised carbo-
xyle groups (COO7) for alginate [64] on the surface of the
NPs due to the interaction between them and with EO [54].
Overall, the interaction between S. aromaticum EO and NPs
had influence on the size and the charge of these nanocar-
riers. Nanoparticles with Z-potential values less than —30
mV and + 30 mV are generally considered as stable. These
data showed the formation of monodisperse and stable pop-
ulation with a uniform particle distribution (Table 2).

Previous findings have investigated the encapsulation of
various compounds such as S. aromaticum [65], carvacrol
[36], eugenol [63], ellagic acid [66], lemon EO [6], and
lime EO [54] in chitosan nanoparticles [39, 60, 82]. Similar
results have been reported with Z-potential values ranged
from +10.58 to +44.23 mV, which indicate strong elec-
trostatic repulsive forces that induce physical stability and
decrease the formation of aggregates [53]. In contrast, it was
observed that poly (lactic-co-glycolic acid) encapsulated
into CS and AL nanoparticles showed a modification of the
surface charge from —2.72 mV to +17.36 mV [67]. Addi-
tionally, other studies have shown that the Z-potential of
Chito-oligosaccharides changed from — 16.44 mV to 22.04
mV after being coated with chitosan modification, and to
-29.75 mV after being coated with sodium alginate [15].

Overall, the small size of these nanoparticles has shown
potential as a drug delivery system, with the ability to
improve important parameters such as drug bioavailability
and stability. These nanoparticles have demonstrated effi-
cient penetration across blood capillaries and uptake into
cancer cells, making them a promising approach for deliv-
ering drugs to target organs in the body and inducing cell
death in cancer cells [66].

The interaction within the formed nanoparticles was
investigated by FTIR technique. The normalized FTIR
spectra of S. aromaticum EO, CS-NPs, AL-NPs and EO/
AL/CS-NPs are represented in Fig. 1. The S. aromaticum
EO spectrum showed the main distinctive bands of eugenol;
the main component, in accordance with GC-MS analysis.
Thus, the strong band at 3487 cm™! gathers the stretching
vibration of phenolic group. The characteristic bands of C-H
stretching vibration in aromatic and alkane appear between
3078 and 3004 cm™!. The stretching vibration of C-H in
alkane groups appear between 2938 and 2846 cm™!. The
pair of bands observed at 1512 and 1448 cm™! are attributed

Table 2 Nanoparticles Nanoparticules Size (nm) Polydispersity Zeta Potentiel
characterization index (mV +SD)
S. aromaticumEQO/CS-NPs 641.5+0.31 0.41 +32.8+0.22
S. aromaticumEO/AL-NPs 526.8+2.34 0.34 -30+0.45
S. aromaticumEQ/AL/CS-NPs 849.8 +3.57 0.57 +11.74+0.13
CS-NPs 421.9+1.66 0.49 +35+0.36
AL-NPs 317+0.95 0.52 -42.1+0.57
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Fig. 1 Infrared spectra (FTIR) of AL-NPs, CS NPs and Cloves EO/AL/CS-NPs

to C=C stretching vibrations. The bands between 1270 and
1032 cm™! are assigned to the vibration of C-O group.

The spectrum of CS-NPs showed a broad band at
3500 —3000 cm™! region. This band gathers the stretching
vibrations of OH and NH bonds. The band at 1632 ¢cm™!
is attributed to the C=O0 stretching while the one at
1540 cm™! is assigned to NH bending. The bands at 2929
and 2879 cm-1 correspond to stretching of C-H located in
the pyranose cycle. The bending vibrations of the same
group appear at 1408 and 1386 cm™!. The bending vibra-
tions of C-O-C bonds appear at 1059 cm™".

The spectrum of sodium alignate AL exhibited character-
istic bands at 3426 cm™! for the stretching of O-H group, at
2928 cm™! for the stretching of C-H group, at 1624 cm™! for
the stretching of C=0 group, at 1416 cm™! for the stretch-
ing of -COO™ group. Finally, the band at 1029 cm™! is
attributed to the alginate polysaccharide structure.

@ Springer

The spectrum of the EO loaded CS-NP-AL revealed the
accomplishment of the encapsulation. Thereby, an impor-
tant widening of the spectrum between 3600 and 3100 cm™!
was observed. This band includes all the stretching vibra-
tions of O-H and N-H groups. A non symmetric complex
band between 1755 and 1540 cm™! was attributed to numer-
ous C=C and C=0 vibrations of the composite material.
A large band in the 1250 to 1032 cm™ 'region was observed
which encompasses the C-O-C vibration in the EO and both
nanoparticles CS and AL nanoparticles.

The FTIR spectroscopy results indicate the formation of
EO/AL/CS nanoparticles through the electrostatic interac-
tion of ammonium groups of CS with carboxylic groups of
AL to form the polyelectrolyte complex.
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system

In-Vitro Release Properties of S. Aromaticum EO

The cumulative release curves of S. aromaticum EO from
nanoparticles are time-dependent (Fig. 2). As it can be seen,
S. aromaticum EQ released from alginate have reached max-
imal level (99%) after 10 days. At this time, the release rate
was slower for CS-NPs and EO/AL/CS-NPs complex with
maximum release rates of 43.5% and 20.24%, respectively.

The faster and higher release rate for alginate can be
attributed to its porous structure and low viscosity, allow-
ing for easy diffusion of EO through AL-NPs. The fragility
and physical instability of AL also contribute to this effect.
However, the release of EO from the CS-NPs system was
more prolonged, with a maximum release rate of 43.5%
after 10 days.

These results points out to the fact that the use AL in asso-
ciation with CS for S. aromaticum EO nano-encapsulation
presents a promising delivery system with tailored release
rate, loading and EE.

Results indicate that an amount of EO initially associated
with nanoparticles remained on their surfaces by weak inter-
actions forces between poly-electrolytes and EO resulting in
an initial release (53, 59). Subsequently, a slow release rate
over the time was observed likely due to EO diffusion from
the nanocarrier. As previously reported, the EO dissolution
of the extra-layer polymer is higher than that of the intra-
layer region [65].

The matrix CS/AL has shown more mechanical resis-
tance resulting in high polyelectrolic complexation of the
EO and therefore minimizes EO release. Furthermore, algi-
nate in the complex EO/AL/CS-NPs provided an additional
physical barrier of the EO [57]. Similar observations of the
fast EO initial release followed by sustained release over
time have been reported for ascorbyl palmitate [54], car-
vacrol [36] and strawberry polyphenols [68] loaded in CS
nanoparticles.

Table 3 Antioxidant activity of S. aromaticum EO and formed
nanoparticles

DPPH FRAP

ICs (ng/ml)  EC, (ug/mL)
S. aromaticumEQO 11,6 +1.512 25+1.60%
S.aromaticumEQO/CS-NPs 65+2.78° 72+3.01¢
S.aromaticumEQ/AL-NPs 70+3.55° 80+3.32¢
S.aromaticumEO/AL/CS-NPs 30+ 1.34° 45+536°
CS-NPs > 1000 > 1000
AL-NPs > 1000 > 1000
Ascorbic acid NT 40+8.50
BHT 31,54 0.25° NT[

Biological Activity of Nanoparticles
Antioxidant Activity

The antioxidant potential of S. aromaticum EO (against
oxidative stress caused by free radicals) has a direct impli-
cation on the treatment and prevention of several human
diseases such as inflammation, diabetes, DNA damage
and melanoma [12, 13, 67, 68]. As reported in Table 3, S.
aromaticum EO showed high level of antiradical activity
(EC50=11.6 pg/mL) explained by the potential hydrogen
donating ability of the main components eugenol, eugenyl
acetate and f-caryophyllene [12, 64]. Thus, the antioxidant
capacity of phenolic compounds is mainly due to the redox
properties, which allow them to act as hydrogen donors,
reducing agents and metal chelators [69].

Interestingly, the result of scavenging activity by DPPH
assay of the complex EO/AL/CS-NPs showed the highest
antiradical activity (ECs, value of 30+1.34 pg/mL) com-
pared to EO/AL-NPs and EO/CS-NPs (70+3.55 ug/mL
and 65+2.78 ug/mL, respectively). The antioxidant activ-
ity of the EO/AL/CS-NPs was comparable to that of BHT
(31.5+0.25 pg/mL), used as a positive control. No antioxi-
dant activity was recorded for AL-NPs and CS-NPs.

In addition, the ferric cation reducing potential of EO and
formed nanoparticles was investigated by the FRAP assay
(Table 3). S. aromaticum EO showed a significant (p> 0.05)
strong reducing power (ECs,=25 pg/mL). These results
demonstrate the electron donor properties of S. aromaticum
EO, thus neutralizing free radicals and forming stable prod-
ucts. Noteworthy, the EO/AL/CS-NPs complex exhibited
less antiradical activity (ECs,=45 pg/mL) and was close to
that of ascorbic acid (ECs5,=40 pg/mL). However, nanopar-
ticle systems EO/CS-NPs and EO/AL-NPs exhibited lower
reducing power (EC5,=72 ng/mL and 80 pg/mL, respec-
tively). The strong scavenging activity observed for the EO/
AL/CS-NPs is probably linked to the high amount of encap-
sulated EO into this complex (EE=83.48%) compared to
that observed for the other nanoparticles (CS and AL). The
scavenging activity of DPPH in this work is more important
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explained by the high rate of EO encapsulation (83.48%)
and the progressive release from the complex AL/CS-
NPs. Furthermore, microbial cells showed low sensibility
against EO/AL-NPs with ZI of 9—10 mm and MIC value
of 1000 pg/mL. Regarding the antifungal activity, the
EO/CS-NPs showed strong activity against C. albicans
with a MIC value comparable to that of free essential oil
(125 pg/mL). However, moderate inhibition of C. albicans
cells MIC=1.5 mg/mL) was reported for EO/CS-NPs in
the literature [77]. The difference in MIC values could be
related the difference in the percentage of the EO encapsu-
lation [78]. Other investigations have shown the antifungal
potency of chitosan against several fungal strains such as
Aspergillus niger, Rhizopus oryzae and Alternaria alter-
nata. The development of chitosan nanoparticles (CS-NPs)
associated with bioactives compounds may improve its anti-
fungal properties [13, 77].

Until now, the exact antimicrobial mechanism of action
of chitosan is not yet well understood. It may act by the dis-
turbance of microbial cell walls; affecting their membrane
permeability, stopping their DNA replication, which leads
to toxin production and causing cell death [78]. Further-
more, it has been documented that nano-sized particles can
penetrate through the bacterial and fungal cell wall and lead
to cell membrane destruction [79]. Thus, nanoparticles have
shown more interesting antimicrobial potential than those
that having a larger size [76].

Antileishmanial Activity

In the present study, we evaluated the effect of S. aromati-
cum EO and formed nanoparticles against different Leish-
mania species: L. donovani, L. guyanensis and L. tropica.
As shown in Table 5, S. aromaticum EO exhibited
high antipromastigote activity with ICs, of 9.47+0.41,
11.25+0.36 and 24.15 +0.25 pg/mL against L. donovani, L.
guyanensis and L. tropica, respectively. It reduced over than
90% of cell viability (Figure S4). Interestingly, S. aromati-
cum EO loaded into chitosan or CS/AL complex improved
markedly the antileishmanial activity. In fact, results have
shown that the most significant antileishmanial effect was
recorded for the complex EO/AL/CS-NPs with ICs, values

of 6.33+0.16, 8.51 +0.23 and 15.66+0.75 pg/mL against
L. donovani, L. guyanensis and L. tropica promastigotes,
respectively. It reduced significantly the promastigote via-
bility in a dose dependent manner by 88%, 91% and 94%,
respectively.

Moreover, EO/CS-NPs showed interesting antileish-
manial activity with ICs, of 8.21+0.12, 13.62+0.35
and16.75+1.66 ug/mL against L. donovani, L. guyanensis
and L. tropica. While, lower antileishmanial potential was
obtained for EO/AL-NPs with ICs, values of 240+1.3,
466 +2.65 and 525 +4.38 ng/mL, respectively (Table 5).

The antileishmanial activity of S. aromaticum essential
oil (EO) and its major component eugenol against differ-
ent Leishmania species has been studied, showing varying
levels of activity. S. aromaticum EO was found to exhibit
high activity against L. donovani promastigotes and intra-
cellular amastigotes in dose-dependent concentrations, with
an IC5y of 21+0.16 and 15.25+0.14 pg/mL, respectively
[80, 81]. However, lower inhibition of L. tropica (ICs, of
180.24-233.52 pg/mL) and L. major promastigotes (ICs,
of 517.14-654.76 pg/mL) was found in other studies [3].
Chitosan nanoparticles have been reported to possess an
important in vitro antileishmanial activity (ICs, ranging
from 70 to 240 pg/mL) against L. infantum, L. mexicana, L.
amazonensis, and L chagasi promastigotes [82, 83]. Previ-
ous studies have shown that chitosan was used to encap-
sulate amphotericin B and miltefosine conventional drugs
to improve their efficacy and to reduce toxicity [27]. The
nanoencapsulation of miltefosine into chitosan nanopar-
ticles maintain its activity against L. tropica promastigote
and amastigote with ICy, values of 0.85 pg/mL and 0.92 ng/
mL, respectively [84].

Corroborating our finding, it was reported that the nano-
encapsulation of amphotericin B in sodium alginate-glycol
chitosan stearate nanoparticles (SA-GCS-NP) showed
promising activity. In fact, it enhanced the antileishman-
ial activity of the amphotericin B from 1C5;=0.214+0.06
to 0.128+£0.024 pg/mL toward L. donovani amastigotes,
respectively [27].

The nanoencapsulation of S. aromaticum essential oil in
the chitosan/alginate complex has been found to improve
the antiparasitic activity. This improvement could be related

Table 5 Antipromastigote activity and cytotoxic potential of S. aromaticum EO and formed nanoparticles

L. donovani L. guyanensis L. tropica Raw264.7
IC5)(ng/mL) SI IC5)(ng/mL) SI IC5)(ng/mL) SI CCs,
S. aromaticumEO 9.47°+0.41 9.30 11.25°+0.36 7.83 2415 +0.25 3.65 88.15°+1.45
EO/AL/CS-NPs 6.33°+0.16 40.47 8.51°40.23 30.10 15.66° + 0.75 16.36 256.22%+3.66
EO/CS-NPs 8.21°+0.12 20.77 13.62°+0.35 12.52 16.75° + 1.66 10.18 170.57°+0.52
EO/AL-NPs 240% + 1.32 - 466°+2.65 - 525% +4.38 - >2000
AMP 0.184+0.32 56.83 0.244+0.11 42.62 0.349+0.12 30.08 10.23¢+0.13

SI: selectivity index calculated as the ratio between LCs,, and ICs, values

Different letters in the same column indicate a statistically significant difference (P <0.05)
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to the synergistic effect between AL and CS. However, there
is limited available information on the antileishmanial activ-
ity of essential oils loaded into chitosan or alginate nanopar-
ticles [85]. It was reported that eugenol emulsion improves
the antileishmanial potential of the EO toward L. donovani
promastigotes (8.43+0.96 ng mL™' and 5.05+1.72 pg
mL~!, respectively) [86].

Moreover, in previous reports, it was demonstrated that
chitosan nanocapsules containing Matricaria chamomilla
EO showed an ICs, of 7.18£0.7 and 14.29+1.01 pg/mL
against L. amazonensis promastigotes and amastigotes,
respectively [21]. The positively charged chitosan mole-
cules can interact with the negatively charged surface of the
parasites and can facilitate the delivery of the EO into the
parasite’s cells [76]. This effect is achieved by the inhibition
of the proliferation of promastigotes and by the reduction of
the survival of amastigotes in host cells [87]. Another study
observed changes in the promastigote membrane morphol-
ogy and flagellum behavior following exposure to several
nanoemulsions containing EO [88]. These changes could
potentially affect the parasite’s ability to move and infect
host cells [10]. Furthermore, it is possible that the pro-
inflammatory effect of reducing apoptosis could enhance
the ability of infected macrophages to eliminate parasites
[89].

In addition, the CS and CS/AL nanoparticles showed
a gradual. The ionotropic complexation of EO-chitosan-
alginate is an innovative, cost-effective, and scalable way to
produce copolymer-based on alginate—chitosan nanoparti-
cles. It enhances the mechanical strength, sustained release,
and stability of the EO. The effectiveness of the formula-
tion was improved by the biological adhesion properties of
sodium alginate, which allowed the adhesion of chitosan to
the cell membrane. Once the chitosan was bound to the cell
membrane, the EO was able to internalize the parasitic cells
by endocytosis. This formulation improved the localization
within cells for better pharmacokinetic profile and reduced
EO toxicity.

Overall, chitosan has a broad range of applications as a
drug nanocarrier, not only for the treatment of leishmaniasis
but also as a vaccine. In fact, it was reported that Leishma-
nia superoxide dismutase loaded into chitosan nanoparticles
can be considered as a nano-vaccine for the eradication of
leishmaniasis as they promote the immune response toward
cell-mediated immunity, by the production of IgG2a by
THI cells in mice [90].

Cytotoxicity and Haemolytic Activities
S. aromaticum EO showed high cytotoxic potential with

LC50=288.15+1.45 pg/mL and SI of 9.30, 7.83 and 3.65
(Table 5). However, its nanoencapsulation into CS and AL
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decreases significantly its cytotoxicity against murine mac-
rophages Raw264.7. As summarized in Table 5, and based
on LC50 of formed nanoparticles, EO/AL/CS-NPs showed
low cytotoxicity of 256.22 +3.66 pg/mL with SI of 40.47,
30.11 and 16.36 toward L. donovani, L. guyanensis and L.
tropica, respectively. Moreover, a reduction in cytotoxicity
by 33%, 50% and 60%, respectively was recorded com-
pared to unloaded EO.

In addition, the EO/CS-NPs didn’t show cytotoxic effect
toward murine macrophages Raw264.7 with LC50 concen-
tration of 170.57+0.52 pg/mL and a selectivity index (SI)
0f 20.77, 12.52 and 10.18 against L. donovani, L. guyanen-
sis and L. tropica, respectively (Table 5). Similarly, AL-NPs
were found to be significantly less cytotoxic than EOQ/CS-
NPs against macrophages Raw264.7 with LCs,>2000 pg/
mL.

Furthermore, the haemolytic activity of free EO and
formed nanoparticles was assessed in order to determine
their safety for humans and their possible applications [91].
The hemolytic effect was evaluated against human eryth-
rocytes. S. aromaticum EO showed low hemolytic effect at
the active concentration (22.69% at 500 ug/mL). However,
at higher concentrations, high hemolytic effect was noted.
Indeed, at 8 mg/mL 94% hemolysis was observed. Interest-
ingly, EO/AL/CS-NPs complex showed no cytotoxic effect
even at high concentration (8 mg/mL) and low hemolysis
percentage (26.76%) was recorded. At 1 mg/mL active
concentration, the hemolytic effect achieved only 1.31%
(Fig. 3).

Similarly, the EO/AL-NPs showed no hemolytic activity
even at high concentration and only 18.42% of hemolysis
was recorded at 8 mg/mL. However, EO/CS-NPs showed
weak hemolytic activity at the antibacterial inhibitory con-
centration (21.7%) and showed 36.18% cytotoxic effect at 8
x MIC. This reduction in cytotoxicity towards erythrocytes
is partly linked to a gradual release of EO from the nanopar-
ticles [12].

The cytotoxic effect of alginate and chitosan nanopar-
ticles against mammalian cells is still controversial. Some
studies have reported low cytotoxic potential [8] and other
reported moderate to high cytotoxicity against mammalian
cells [92]. Otherwise, cytotoxicity investigated in-vitro
assay is not always observed in the in-vivo studies [93].

Conclusion

Nanoencapsulation of Syzygium aromaticum essential
oil into chitosan and alginate nanocareer is an effective
approach to improve the stability, solubility, toxicity and
bioavailability of the EO. In the present study, the EO loaded
alginate/chitosan-NPs was successfully produced with high
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EO retention rate. It may serves as a novel system for treat-
ing bacterial, fungal and parasitic infections. The improved
activity of the nanoencapsulated essential oil with reduced
cytotoxicity highlights the potential of nanoencapsulation
to enhance the therapeutic properties of EOs by protecting
them from oxidation and controlling their release.
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supplementary material available at https://doi.org/10.1007/s10924-
023-02911-0.
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