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Abstract: In this study, anti-leishmanial activities were performed on silver oxide nanoparticles green
synthesized from hexane, ethereal, chloroform, and methanolic extracts of the Ericaria amentacea sea-
weed. The extracts were obtained using a soxhlet extraction system, and the silver oxide nanoparticles
were synthesized through a simple and environmentally friendly method. Physicochemical character-
izations, including UV spectrophotometry, transmission electron microscopy (TEM), X-ray diffraction
(XRD), thermal gravimetry analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), and
zeta potential analysis (ZPA), were conducted to confirm the formation of silver oxide particles.
The anti-leishmanial activity was evaluated in vitro using the MTT assay against the Leishmania
infantum, Leishmania tropica, and Leishmania major strains. Additionally, a brine shrimp cytotoxicity
test was performed on Artemia salina larvae to assess the toxicity of the products. The results showed
that the anti-leishmanial activity of the synthesized silver oxide nanoparticles was significant, with
inhibitory concentration values ranging from 27.16 µg/mL to 38.18 µg/mL. The lethal doses in the
cytotoxicity activities were higher than 17.08 µg/mL, indicating low toxicity. These findings suggest
that silver oxide nanoparticles derived from Ericaria amentacea seaweed have potential applications
in the treatment of leishmaniasis. Further research is needed to elucidate the mechanisms of action
and assess the in vivo efficacy of these nanoparticles. Moreover, comprehensive toxicity studies are
necessary before considering their clinical use in leishmaniasis treatment.

Keywords: brown seaweed; Ericaria amentacea; extraction; silver oxide nanoparticles; synthesis;
characterization; anti-leishmanial activity; cytotoxicity test

1. Introduction

Leishmaniasis is a parasitic disease which is categorized as a neglected tropical disease
(NTD) [1]. It is estimated that there are between 700,000 and 1 million new cases of
Leishmaniasis each year [2]. The transmission of the disease occurs through approximately
90 species of sandflies, which can transmit the Leishmania parasites. These parasites consist
of more than 20 species and contribute to an annual death toll of 20,000 to 30,000 [3].
Currently, there is no specific therapeutic treatment available for leishmaniasis. It is a
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widespread disease that causes between 20,000 and 30,000 deaths each year, making it a
major health problem in endemic areas. Due to the inefficacy of current medications, the
improvement of leishmaniasis treatment via the administration of drugs poses a significant
challenge [4,5].

Currently, the treatment of leishmaniasis relies on first-line drugs such as sodium
stibogluconate (commercially known as pentostam) and meglumine antimoniate (commer-
cially known as glucantime), along with alternative options (second-line drugs) such as
pentamidine isothionate (commercially known as pentamidine), amphotericin B (Fungi-
zone or ambisome), miltefosine, and paromomycin sulfate (Aminosidine) [6,7]. However,
the use of paromomycin sulfate is not widely practiced in several countries due to health
regulations, and it does not exhibit effectiveness when administered orally. Even when
these medications are used in combination, their effectiveness falls short of achieving
optimal results. The antimonial drugs (glucantime, pentostam, and pentamidine) were
developed over 70 years ago and continue to be used in the treatment of leishmaniasis [8].
Some of these drugs have proven to be ineffective due to parasite resistance, and this
has been compounded by limited development in this class of medications. These sub-
stances carry significant side effects, including renal failure, acute pancreatitis, myalgia,
teratogenicity, peripheral neuropathy, hepatotoxicity, and cardiotoxicity (manifesting as
cardiac arrhythmia). Furthermore, the treatment duration is often extended. In addition
to their potential side effects, some of these medications can be expensive and may not
always produce the desired outcomes due to parasite resistance [9]. Moreover, certain
patients may face barriers when accessing healthcare systems, and individuals with renal,
hepatic, or cardiac insufficiency, as well as those with tuberculosis, are unable to use these
medications [10].

Natural products are either extracts or secondary metabolites found in the roots, stems,
leaves, fruits, seeds, vegetables, and other specific parts of plants [11–13]. They exhibit a
wide range of structural diversity that enables them to mediate interactions between plants
and their environment. Numerous metabolites have been noted in the literature for their
antiparasitic activity, particularly against leishmaniasis [14]. Specifically, marine organisms
have been studied as a significant source of biologically active secondary metabolites.
However, only a limited number of studies have evaluated the leishmanicidal activity of
seaweed extracts. Brown seaweed of the genus Cystoseira (Cystoseiraceae) is widespread in
tropical and subtropical regions and is well-known as a rich source of unique, structurally
diverse, and biologically active diterpenes of mixed biogenesis (meroditerpenoids). Despite
the numerous chemical studies available for the Cystoseira genus, only a few reports have
described the potential anti-leishmanial effects of its crude extracts, and no information has
been found regarding the compounds responsible for their inhibitory effects on Leishmania
parasites [15,16].

In contrast, recent advancements in nanomedicine and nanotechnologies have opened
up new possibilities for utilizing medicinal plants and chemical drugs [17]. These tech-
nologies involve incorporating these substances into carrier materials and manipulating
them at a nanoscale level. This enables targeted delivery to specific host cells in various
body regions, enhancing their effectiveness and reducing potential side effects [18]. This
approach preserves or enhances the valuable pharmacological properties of these active
products. Additionally, nanotechnology has the potential to improve existing standard
treatments for diseases, including leishmaniasis, by increasing their bioavailability, reduc-
ing costs, and minimizing the toxicity and undesirable side effects associated with these
active products [19,20].

To date, numerous studies have highlighted the remarkable biological activities of
certain nanoparticles [21]. Among them, silver ions and silver nanoparticles have been
widely recognized for their potent antimicrobial properties, particularly against Leishmania
parasites [22]. Nanoparticle-based products, including those enriched with natural extracts,
have emerged as highly effective compound-delivery systems, showcasing their potential
in various applications. These nanoparticles facilitate the targeted delivery of therapeutic
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compounds, attesting to their efficacy and offering promising solutions in the field. Thus, an
appropriate process for the preparation of nanometallic extracts could enhance the efficacy
of leishmanicidal activities. This advancement paves the way for innovative approaches
to the development of more targeted and effective therapies against Leishmania parasites,
which is crucial considering the prevalence of this disease in various regions worldwide. It
is essential to focus these research efforts to better understand the mechanisms of action of
nanoparticles and optimize their potential use in the treatment of parasitic diseases, thereby
contributing to the advancement of medical therapies [23–25]. In this study, we synthesized
four (4) silver oxide nanoparticles coated with four extracts from the Ericaria amentacea
seaweed (Ea-AgNPs-A, Ea-AgNPs-B, Ea-AgNPs-C, and Ea-AgNPs-D) and characterized
them using various techniques including transmission electron microscopy (TEM), UV
spectrophotometry, X-ray diffraction (XRD), thermal gravimetric analysis (TGA), and
Fourier transform infrared spectroscopy (FTIR). Furthermore, we investigated their in vitro
antileishmanial activity against the three strains Leishmania infantum, Leishmania tropica,
and Leishmania major. Additionally, we conducted a further study to assess their cytotoxic
activities using a brine shrimp test.

2. Materials and Methods
2.1. Experimental Procedure
2.1.1. Chemical Reagents

Except for the algal biomass used in this study, all chemicals utilized were of analytical
grade and were procured from Merck (Darmstadt, Germany) and ACROS (Geel, Belgium).

2.1.2. Preparation of Seaweed Extracts

After seaweed was harvested from the Gulf of Tadjourah (Djibouti) (11◦47′09.3′′ N,
42◦52′40.7′′ E) during low tide, it underwent a series of processing steps. Initially, the
harvested seaweed was carefully washed with water to eliminate impurities. It was then
allowed to naturally dry at room temperature in a shaded area for one day. Subsequently,
the seaweed was further dried in an oven set at 40 ◦C for one week. Once the drying
process was completed, the resulting biomass was finely ground into a powdered form.
The subsequent step involved extracting the desired compounds from the seaweed using
the soxhlet extraction method. This entailed the sequential use of solvents with increasing
polarity: hexane (A), ether (B), chloroform (C), and methanol (D). After each extraction,
the solvents were evaporated to obtain the desired extracts. The color and yield of each
extract were determined and recorded for future reference. To ensure long-term stability
and preservation, the extracts were stored in specifically designated brown bottles and kept
in freezers at −80 ◦C until they were ready for subsequent use.

2.1.3. Phenolic Chemical Profiles of the Extracts

The chemical profiles of phenols are expressed by determining the total content of
phenols, flavonoids, and tannins following the methods established by Elbouny et al.
(2022) [26], Borah et al. (2022) [27], and Al-Dalahmeh et al. (2022) [28], respectively, with
minor modifications.

The Folin–Ciocalteu method was used to quantify the total phenols. Essentially, 500 µL
of 10% Folin–Ciocalteu reagent was mixed with an equal volume of 1 mg mL−1 extract in
methanol in a 10 mL volumetric flask. The mixture was allowed to stand for 5 min, and
then 1 mL of 7.5% (w/v) Na2CO3 was added. The volume was made up with distilled
water, and the homogenized solution was incubated in the dark at room temperature for
2 h. The absorbance of the solution was read at 760 nm in a UV/Vis spectrophotometer. The
blank consisted of methanol and all the other reagents except the extract. The total phenol
content was obtained from the gallic acid standard curve at 2–10 µg mL−1. The result was
expressed in milligrams of gallic acid equivalents per gram of dry extract (mg GAE g−1).

To estimate the total flavonoids, an analysis mixture containing 500 µL of 1 mg mL−1

extract in methanol, 500 µL of 60% glacial acetic acid, 2 mL of 20% pyridine in ethanol, and
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1 mL of 5% aluminum chloride (methanol solution) was added to a 10 mL volumetric flask.
The volume was made up with 80% methanol, and then the mixture was homogenized
and incubated at room temperature for 30 min. The absorbance was then recorded at
420 nm. Methanol and all the other reagents except the extract were used as the blank.
The flavonoid content was obtained using the quercetin standard curve at 2–10 µg mL−1.
The result was expressed in milligrams of quercetin equivalents per gram of dry extract
(mg QE g−1).

For the quantification of the tannin, a mixture of about 500 mg of casein, 500 µL of
2 mg mL−1 extract in methanol, and 5 mL of distilled water was prepared in a 25 mL
Erlenmeyer flask. The mixture was then stirred at 600 rpm using a magnetic stirrer for
2 h (the time needed for tannin complexation with the total protein). Subsequently, the
extract was filtered through Whatman 113 filter paper into a 10 mL volumetric flask, and
the volume was adjusted with distilled water. An aliquot of 500 µL of this solution was then
transferred to a 10 mL volumetric flask and processed using the Folin–Ciocalteu method
described above for the determination of the total phenols. The difference in absorbance
before and after casein precipitation was used for the calculations. The total tannin content
was estimated using the tannic acid standard curve at 2–10 µg mL−1 and expressed in
milligrams of tannic acid equivalents per gram of dry extract (mg TAE g−1).

2.1.4. Synthesis of Nanoparticles Using Seaweed Extracts

A solution containing 1.5288 g of AgNO3, corresponding to a concentration of 0.1 M,
was prepared by dissolving the AgNO3 in 90 mL of demineralized water. Following this,
10 mL of extracts A, B, C, and D were gradually added to the solution. Upon introducing
the extracts, the initially colorless solution underwent a noticeable change, developing a
brownish-black hue. This alteration signified the creation of silver oxide nanoparticles
using extracts derived from Ericaria amentacea seaweed. The resultant mixture was contin-
uously stirred and heated at a temperature of 70 ± 5 ◦C for a duration of 5 h. After the
reaction, the mixture was allowed to cool to room temperature. For purification, the black–
brown precipitate was washed thrice with ethanol and then subjected to centrifugation
at 10,000 rpm for 20 min. Subsequently, the precipitate was dried overnight in a hot air
oven at 100 ± 5 ◦C. The synthesized silver oxide nanoparticles, Ea-AgNPs-A, Ea-AgNPs-B,
Ea-AgNPs-C, and Ea-AgNPs-D, obtained from extracts A, B, C, and D, respectively, were
then transformed into fine powder and stored for subsequent analysis.

2.2. Analytical Instruments for Characterization

The nanoparticles were characterized using the following methods and equipment,
following standard protocols:

(i) UV-VIS spectrophotometer: a Shidmadzu UV-1601, manufactured by Shimadzu
Corporation in Tokyo, Japan, was employed to perform the spectrophotometric mea-
surements.

(ii) Transmission electron microscopy: a Philips JOEL TEM (New York, NY, USA) was
utilized for this purpose.

(iii) X-ray diffraction: a Bruker D8 Advance diffractometer with Cu Kα radiation (wave-
length: 1.54 Å), manufactured by Bruker Corporation in Billerica, MA, USA, was
utilized to conduct the XRD analysis.

(iv) Thermal gravimetry analysis: a thermal analyzer, specifically the DTG-60H system
manufactured by Shimadzu in Kyoto, Japan, was used to perform the thermal gravime-
try analysis. The analysis involved heating the samples in a temperature range of 0 to
700 ◦C at a rate of 10 ◦C/min.

(v) Fourier transform infrared spectra: The FTIR spectra were obtained using a spec-
trophotometer known as the BRUKER VERTEX 70, manufactured by Bruker Cor-
poration in Billerica, MA, USA. The spectra were collected within the range of
4000–400 cm−1 with a resolution of 4 cm−1.
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(vi) Zeta potential analysis: the zeta potentials of each nanoparticle were measured using
a Zetasizer model 3000HS, Malvern Instrument Ltd., Malvern, UK.

2.3. Biological Activities
2.3.1. Antileishmanial Tests

The MTT method employed in this study followed the steps outlined by Ainane et al.
(2018) [16]. This colorimetric assay was used to assess the antileishmanial activity of the
nanoparticles against promastigote forms of Leishmania. The principle of the test is based
on the enzymatic reduction of the tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to formazan. During this process, viable cells containing
mitochondrial succinate dehydrogenase actively reduce the tetrazolium ring of MTT, re-
sulting in the formation of formazan. Formazan is a colored product, typically dark violet
in color, that is insoluble in water. The intensity of this coloration is directly proportional to
the number of viable cells present during the assay and their metabolic activity.

For the antileishmanial evaluations, cultures of promastigotes from three strains (Leish-
mania infantum, Leishmania tropica, and Leishmania major) were used. The promastigotes
were maintained at 25 ◦C by subculturing every five days in RPMI 1640 medium without
phenol red, buffered with 25 mM NaHCO3 (pH ~ 7), and supplemented with 20% fetal
bovine serum. The parasites were initially incubated in culture flasks at a concentration of
5 × 105 parasites/mL. The parasite count was determined using a Malassez counter, and
then the parasites were seeded into 96-well ELISA plates at a concentration of 2 × 105 par-
asites/well in 90 µL of RPMI medium. The test products were prepared by dissolving
them in 5% DMSO to achieve final concentrations of 20, 30, 40, and 50 µg/mL. As a solvent
control, 100 µL of parasite culture mixed with 10 µL of DMSO was added to the wells in
triplicate, resulting in an additional volume of 10 µL. After 72 h of incubation at 25 ◦C,
10 µL of MTT solution (5 mg/mL) was added to each well, and the plates were incubated
again. Following a 2 h incubation at room temperature and an additional 3 h incubation
at 37 ◦C, a violet color developed. Subsequently, the plates were centrifuged at 2500 rpm
for 3 min, and 200 µL of DMSO was added to each well. The absorbance of each well was
measured at 492 nm using an ELISA spectrophotometer (Thermo Scientific, Multiskan 60,
Waltham, MA, USA).

The 50% inhibition concentration (IC 50) value was determined via linear interpolation
on curves plotting the percentage of viability against the logarithm of the tested concentra-
tion. It should be noted that the percentage of viability was calculated using the following
equation:

%Viability =
ABSControl −ABSSample

ABSControl
×100

2.3.2. Cytotoxicity Tests

The cytotoxicity evaluation, commonly known as the brine shrimp test, employed in
this study followed the methodology outlined by Bennamara and Abourriche (2020) [29].
This test assesses the toxic activity of the tested products by observing their impact on the
larvae of saltwater shrimps (Artemia salina). Furthermore, it enables the determining of the
lethal dose affecting 50% of the population (LD 50), facilitating comparisons of the tested
products’ toxicity with that of reference substances. The samples to be evaluated were
dissolved in a 2% DMSO solution, yielding concentrations of 20, 40, 60, and 100 µg/mL.
Subsequently, predetermined volumes of the prepared solution were introduced into
tubes containing Artemia salina larvae. The tubes were then placed in a chamber at room
temperature, and the outcomes were examined after 24 h by counting under a binocular
microscope. In instances where the control group had deceased larvae, the mortality
percentage was adjusted using the following formula:

%Mortality =
NDLP
NDLC

× 100
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where % Mortality is the mortality percentage, NDLP is the number of dead larvae in the
presence of the tested product, and NDLT is the number of dead larvae in the presence of
the control (solvent).

2.4. Statistical Analysis

The statistical analyses were conducted using EXCEL and XLSTAT software (version
2020.1.3).

Group comparisons were performed using one-way ANOVA, while differences in
numerical results were assessed using the Spearman correlation method. A significance
level of p < 0.05 was considered statistically significant. To ensure accuracy and reliability,
all experiments were conducted in triplicate.

The box plot was generated after evaluating the data series using the Dixon test, with
a significance threshold of 5%, enabling the exclusion of outliers.

Principal component analysis (PCA) is a mathematical tool used in biological tests
to explore the correlations between multiple parameters. Its purpose is to provide a
comprehensive understanding of the relationships between the activity and the tested
products.

2.5. Ethics Approval

All biological experimental and research procedures in the present work were con-
ducted in accordance with the ethical guidelines and regulations set forth by the Superior
School of Technology of Khenifra (EST-Khenifra) Committee at the University of Sultan
My Slimane in Morocco. The study protocol received approval from the ethics committee
under the ID 2023-0523-0002.

3. Results

Following the collection and drying of the Ericaria amentacea seaweed, four extracted
products labeled A, B, C, and D were obtained through a series of successive extractions.
One kilogram of the biomass was subjected to extraction using solvents with different
polarity: hexane, ether, chloroform, and methanol. The resulting extracts were assessed
for their color and yield in relation to the initial quantity of dried seaweed. Detailed
information regarding the obtained products is provided in Table 1.

Table 1. The parameters of various extracts obtained from Ericaria amentacea seaweed.

Extract Color Yield (%)

A Yellow–green 3.84
B Green 0.95
C Dark green 1.33
D Green–black 9.27

The quantification of the phenolic compounds, flavonoids, and tannins in each ex-
tract was conducted utilizing the calibration curves of the gallic acid (y = 0.041x + 0.174;
R2 = 0.999), quercetin (y = 0.052x −0.012; R2 = 0.999), and tannic acid (y = 0.045x + 0.270;
R2 = 0.999). The corresponding data are exhibited in Table 2. Analysis of variance (ANOVA)
was employed to compare the means; any means not sharing a sequential designation were
considered notably divergent (p < 0.05).
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Table 2. The chemical profiles of phenols of extracts obtained from the algae Ericaria amentacea.

Extract A B C D

Total phenols
(mg GAE g−1) 5.974 ± 0.194 a 6.078 ± 0.212 a 5.231 ± 0.190 b 4.664 ± 0.183 c

Total flavonoids
(mg QE g−1) 0.611 ± 0.132 a 0.885 ± 0.141 b 0.602 ± 0.133 a 0.458 ± 0.125 c

Total tannins
(mg TAE g−1) 0.050 ± 0.015 a 0.057 ± 0.013 a 0.048 ± 0.008 b 0.037 ± 0.007 b

Different letters in the same row indicate significant differences according to Tukey’s test (p < 0.05).

The synthesis of the silver oxide nanoparticles was first confirmed through a noticeable
color change. The original colorless AgNO3 solution developed a brownish-black hue, indi-
cating the successful formation of silver oxide nanoparticles when incorporating extracts
A, B, C, and D. The compounds present in these extracts played a crucial role in capping
and stabilizing the synthesized silver oxide nanoparticles, resulting in the formation of
Ea-AgNPs-A, Ea-AgNPs-B, Ea-AgNPs-C, and Ea-AgNPs-D.

Figure 1 shows the UV-visible spectra of the silver oxide nanoparticles synthesized
using the environmentally friendly method. The spectra reveal that the nanoparticles
exhibited a maximum absorbance value at 430 nm. Furthermore, variations in absorbance
were observed during the synthesis of different nanoparticles using different extracts of the
Ericaria amentacea seaweed. It can be noted that ABS430 (Ea-AgNPs-B) > ABS430 (Ea-AgNPs-
C) > ABS430 (Ea-AgNPs-D) > ABS430 (Ea-AgNPs-A), indicating that the compounds present
in the ether extract exhibited a higher reactivity compared to those in the chloroform extract,
followed by those in the methanol extract, and finally those in the hexane extract.
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Figure 1. UV-visible spectra of the synthesized Ea-AgNPs.

The morphologies and sizes of the nanoparticles synthesized under light radiation
were examined using TEM. Figure 2 illustrates representative TEM micrographs of the four
synthesized nanoparticles, clearly demonstrating their spherical morphologies. The size
distribution histogram obtained from the TEM scans illustrates their effective dispersion
and fairly consistent sizes; the size of an average particle ranged from 15 nm to 45 nm.
This measurement was obtained through the digital analysis of TEM images containing a
minimum of 100 particles (Figure 3). Notably, the nanoparticles synthesized from the ether
extract Ea-AgNPs-B appeared to be smaller than those synthesized from the chloroform
extract Ea-AgNPs-C, methanol extract Ea-AgNPs-D, and hexane extract Ea-AgNPs-A.
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Ea-AgNPs.
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Figure 3. Box plot of particle sizes of the synthesized Ea-AgNPs.

Figure 4 displays the XRD patterns of the four silver oxide nanoparticles synthesized
using the environmentally friendly method: Ea-AgNPs-A, Ea-AgNPs-B, Ea-AgNPs-C, and
Ea-AgNPs-D. The patterns exhibit strong, intense, and sharp peaks at 2θ values of 32.17,
37.31, 53.80, 64.08, 67.29, and 79.55. The observed peaks in the XRD patterns correspond to
the crystallographic planes (111), (200), (220), (311), (222), and (400). These XRD patterns
indicate that the synthesized nanoparticles possess a face-centered cubic system with lattice
parameters of a = b = c =4.816 and α = β = γ = 90◦. The presence of a high-intensity peak at
the (111) plane suggests that the nanoparticles exhibit a preferred growth orientation in that
direction. Furthermore, this peak indicates the highly crystalline nature of the synthesized
nanoparticles [30–32].
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Figure 4. XRD patterns of the four synthesized Ea-AgNPs. (The labeled peaks correspond to the
characteristic diffraction peaks of elemental AgO).

Figure 5 presents the thermogravimetric analysis (TGA) plots of the synthesized silver
oxide nanoparticles Ea-AgNPs-A, Ea-AgNPs-B, Ea-AgNPs-C, and Ea-AgNPs-D. These
plots exhibit similar curves and depict three significant weight losses across the entire
temperature range.
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Figure 5. TGA curves of the synthesized Ea-AgNPs.

• The 1st weight loss, accounting for less than 1% of the total weight, occurs between 50
and 100 ◦C. This weight loss is attributed to the decomposition of organic compounds
present on the surface of the nanoparticles.

• The 2nd weight loss, accounting for approximately 3.5%, takes place between 120 and
245 ◦C. It corresponds to the decomposition of AgO, leading to the formation of Ag2O
and the release of O2 gas [33]. This reaction can be represented as:

4AgO � 2Ag2O + O2 ↗

• The 3rd weight loss, accounting for approximately 8%, occurs between 350 and 500 ◦C.
It is associated with the decomposition of Ag2O into Ag [34]. The reaction can be
described as:

2Ag2O � 4Ag + O2 ↗

Overall, these TGA results provide insights into the thermal decomposition behavior
of the synthesized silver oxide nanoparticles. They shed light on the transformations and
reactions taking place within the nanoparticles in different temperature ranges.

To identify the functional groups involved in the synthesis of the silver nanoparticles,
a FTIR analysis was performed. The control spectra of extracts A, B, C, and D exhibited
multiple peaks, indicating the complex nature of their chemical composition. The intensities
of the bands in different regions of the spectra of both the extracts and their corresponding
silver oxide nanoparticles were analyzed and are presented in Figure 6. Generally, there
was a slight shift observed in the nanoparticle peaks compared to the corresponding
extracts, particularly in the regions around 2350, 1645, 1200, and 1050 cm−1. The peak at
around 2350 cm−1 can be attributed to N-H stretching or C=O stretching vibrations [35].
Three peaks located at approximately 1645, 1200, and 1050 cm−1 may correspond to the
stretching vibrations of the C-O-H, OH, and C=O bonds present in polyphenols or carboxyl
compounds [36–38]. These peaks suggest the involvement of these polyphenols in the
reduction process during nanoparticle synthesis. Another significant observation was
the well-defined peak observed in the spectra of all four nanoparticles—Ea-AgNPs-A, Ea-
AgNPs-B, Ea-AgNPs-C, and Ea-AgNPs-D—at around 520 cm−1, indicating the formation
of silver oxide (AgO) [39].
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Figure 6. FTIR analysis of the synthesized Ea-AgNPs.
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The zeta potential analysis provided a crucial parameter for determining the stability
of the nanoparticle suspensions. For a physically stable nanoparticle suspension to be
stabilized solely by electrostatic repulsion, a zeta potential of ±30 mV is required as a
minimum. The results of the analysis of the Zeta potential of the synthesized silver oxide
nanoparticles were as follows: −45.1 ± 1.6 mV for Ea-AgNPs-A; −44.3 ± 1.5 mV for Ea-
AgNPs-B;−45.8± 1.6 mV for Ea-AgNPs-C; and−46.0± 1.8 mV for Ea-AgNPs-D (Figure 7).
These negative Zeta potential values indicate that the silver nanoparticles in each of the
samples are negatively charged. In this case, higher values in terms of absolute magnitude
indicate greater dispersion stability, suggesting stronger repulsion between particles, which
prevents their aggregation. According to the means produced by the ANOVA test, the
nanoparticle samples show no statistical difference at 5%, indicating a similar dispersion
stability for all four samples.
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Figure 7. Zeta potential of the synthesized Ea-AgNPs.

Table 3 presents the inhibitory effects of the Ericaria amentacea extract variants A, B, C,
and D, as well as those of their corresponding nanoparticles Ea-AgNPs-A, Ea-AgNPs-B,
Ea-AgNPs-C, and Ea-AgNPs-D, against the strains L. infantum, L. tropica, and L. major. The
table also includes the results of cytotoxicity tests against Artemia salina, thus presenting the
values of the active ingredients for both biological tests. The results conclusively show that
silver oxide-based nanoparticles demonstrate remarkable efficacy against the examined
extracts in vitro, with a decrease in IC 50 values from the range of 42.08–105.21 µg/mL to
27.16–38.18 µg/mL. However, the cell toxicity data reveal a substantial change in LD 50,
indicating a potentially toxic aspect.

In general, the silver oxide nanoparticles exhibited anti-leishmanial properties against
the three strains L. infantum, L. tropica, and L. major, with nonsignificant differences (α ≤ 5%).

In order to provide a comprehensive explanation of the results, a principal component
analysis was conducted in conjunction with the biological evaluations to examine the
aforementioned correlations. The biplot in Figure 8 displays the results of the principal
component analysis of the parameters, namely the 50% inhibition concentration of antileish-
manial activity (IC 50) and the 50% lethal dose of cytotoxicity activity (LD 50). For the
analysis, the most relevant axes—F1 and F2, which accounted for 75.29% and 24.25% of the
information, respectively—were selected. Together, these axes explained 99.54% of the total
inertia, indicating that a substantial amount of information was explained by each axis.
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Table 3. IC 50 (µg/mL) values of the antileishmanian activities and LD 50 (µg/mL) values of the cy-
totoxicities of extracts obtained from Ericaria amentacea seaweed and their synthesized nanoparticles.

Product
L. infantum L. tropica L. major ANOVA Cytotoxicity BS

IC 50 (µg/mL) F-Ratio p-Value LD 50 (µg/mL)

A 48.77 ± 2.14 50.45 ± 3.08 46.39 ± 2.05 0.63 0.52 21.80 ± 3.05
B 42.14 ± 1.87 a 42.08 ± 1.82 a 49.86 ± 3.77 b 214.22 <0.05 * 40.46 ± 4.18
C 66.11 ± 2.52 a 56.41 ± 3.14 b 62.74 ± 1.90 c 174.92 <0.05 * 37.05 ± 3.33
D 90.52 ± 3.01 a 94.78 ± 3.14 b 105.21 ± 5.24 c 154.07 <0.05 * 58.24 ± 4.46

Ea-AgNPs-A 33.12 ± 2.54 35.74 ± 2.88 35.75 ± 2.94 0.52 0.61 17.41 ± 2.82
Ea-AgNPs-B 27.41 ± 2.32 27.16 ± 2.34 29.53 ± 2.78 0.71 0.48 18.42 ± 2.87
Ea-AgNPs-C 35.87 ± 2.12 36.25 ± 2.55 35.74 ± 2.26 0.48 0.75 17.08 ± 2.01
Ea-AgNPs-D 37.7 ± 2.87 38.18 ± 2.63 37.49 ± 2.71 0.68 0.57 17.25 ± 2.50

Amphothericine B 0.24 ± 0.05 0.26 ± 0.05 0.23 ± 0.05 0.33 0.81 -
Podophyllotoxin - - - - - 2.45 ± 0.41

Digitalin - - - - - 76.23 ± 5.17
Strychnine sulfate - - - - - 152.14 ± 6.99

The use of different letters in the same row indicates that there are significant differences between the groups, as
determined using Tukey’s test with a significance level of p < 0.05. * Values are significant at p < 0.05. (-): not tested.
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Figure 8. Biplot of the correlations between the products tested and the antileishmanian and cytotoxi-
city activities.

Based on the grouping analysis, the tested products can be categorized into five classes:

• The first class comprises only amphotericin, which shows promise as a therapeutic
alternative in leishmaniasis treatment.

• The second class consists of cytotoxic activity control substances, namely podophyllo-
toxin, digitalin, and strychnine sulphate.

• The third class includes the four nanoparticles Ea-AgNPs-A, Ea-AgNPs-B, Ea-AgNPs-
C, and Ea-AgNPs-D.

• The fourth class comprises extracts A, B, and C.
• The fifth class includes extract D.
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These findings indicate that all of the tested products, except extract D, exhibited
remarkable and similar antileishmanial activities against the three strains L. infantum,
L. tropica, and L. major. Extract D showed moderate activity.

Regarding toxicity, when compared to other products, all of the extracts and synthe-
sized nanoparticles demonstrated lower toxicity than podophyllotoxin and higher toxicity
than digitalin and strychnine sulfate.

4. Discussion

Nanomedicine has opened innovative prospects by effectively harnessing natural
resources and medicinal agents through their transformation into nanoscale particles. This
conversion enables the precise targeting of host cells in various bodily regions while pre-
serving or enhancing the essential pharmacological characteristics of the particles [40–44].
The dynamic realm of nanotechnology encompasses the green synthesis of these nanopar-
ticles, offering ecologically responsible approaches to the design of nanoscale materials
with unique properties. Green synthesis strategies can be adjusted according to the physic-
ochemical properties one wishes to obtain [45].

Simultaneously, leishmaniasis, as a form of microbial infection and parasitic dis-
ease leading to cutaneous or visceral ailments, can result in debilitating consequences,
even mortality, without treatment. These pathologies are caused by diverse parasites of
the Leishmania genus which are transmitted through sandfly bites. For the past several
decades, amphotericin B has prevailed as the recommended standard treatment and pri-
mary chemotherapeutic option for all forms of leishmaniasis. Nevertheless, severe side
effects, high costs, pronounced toxicity, and parasite resistance to traditional chemical
compounds have spurred researchers’ efforts towards creating more economically viable
and safer innovative therapies against leishmaniasis [46–49]. In this context, in-depth
research which aims to discover new drugs with ingenious delivery systems and distinct
mechanisms of action remains imperative.

Seaweeds, which are repositories of bioactive phytoconstituents, also stand out because
they can enhance the leishmanicidal properties of steroids, alkaloids, triterpenoids, and
even meroditerpenoids. This approach aligns with the vision of nanomedicine, which holds
the potential to improve the conventional recommended treatments for various conditions,
including leishmaniasis. Nanomedicine paves the way to increased drug bioavailability,
reduced costs, and the mitigation of the toxicity and undesirable side effects associated with
prescribed medications. Recent advancements have identified such potential in numerous
secondary metabolites from seaweed [50,51].

Ongoing studies highlight the potential benefits of silver nanoparticles encapsulated
with natural substance extracts in leishmaniasis management through biological trials.
Inherent challenges in the use of drug treatments motivate the quest for new therapeutic
approaches. These approaches aim to be more affordable, less toxic, and more innova-
tive [37–40]. In this context, thorough investigations aiming to identify beneficial therapeu-
tic agents equipped with ingenious delivery systems and distinct mechanisms of action are
crucial for more effective leishmaniasis management.

In this study, after the synthesis of the silver nanoparticles using the extracts obtained
from Ericaria amentacea via the soxhlet method, a physicochemical characterization was
performed to determine the structural and morphological properties of the nanomaterials.
The main techniques used for the characterization of silver nanoparticles were UV spec-
trophotometry (UV), transmission electron microscopy (TEM), X-ray diffraction (XRD),
thermal gravimetry analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), and
zeta potential. UV-VIS spectroscopy confirmed the characteristic color changes observed
during the synthesis of the silver nanoparticles, with a maximum wavelength recorded
at λmax = 430 nm. Determining the size distribution of the AgNPs was crucial, and this
was accomplished using transmission electron microscopy (TEM), which provided sev-
eral physical characteristics based on their shape and size. X-ray diffraction (XRD) was
employed to identify the crystalline nature of the nanoparticles, and the presence of three
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diffraction peaks—(111), (200), and (220)—indicated that the synthesized nanoparticles
possessed a face-centered cubic system. Additionally, a gravimetric analysis indicated
the presence of organic matter and silver oxide in the synthesized nanoparticles, as ob-
served in the thermogram. These aforementioned findings were further supported by a
Fourier-transform infrared spectroscopy (FTIR) analysis, which identified the functional
groups used in the synthesis of the silver nanoparticles, where the bands of polyphenols
were reduced during synthesis (1645, 1200, and 1050 cm−1), and that a characteristic band
appeared in the nanoparticles at 520 cm−1. Finally, the zeta potential analysis demonstrated
that the silver oxide nanoparticles showcased comparable dispersion steadiness, even
though there were minor discrepancies in their negative charge measurements.

The antileishmanial activity of the silver nanoparticles synthesized from the seaweed
Ericaria amentacea has shown promising results compared to other extracts, though this
has been accompanied by a slight increase in cytotoxicity. The precise mechanisms of the
antimicrobial effects of the nanoparticles are not yet fully understood. However, according
to the literature, it is hypothesized that nanoparticles can induce catalytic oxidation, bind
to proteins and cellular components, and release ions, all of which contributes to their
antimicrobial activity [52,53]. Some nanoparticles can generate reactive oxygen species
(ROS) when exposed to ultraviolet (UV) light, enabling them to eliminate microorganisms.
Macrophages naturally produce high levels of ROS to eliminate microbial agents such
as viruses, fungi, and parasites [54–56]. Leishmania parasites have developed enzymatic
mechanisms to inhibit ROS production in macrophages, allowing them to survive as host
cells. However, ROS-inducing nanoparticles can overcome this inhibition and eliminate
Leishmania parasites [57–59]. The mechanisms of action by which nanoparticles produce
their antileishmanial effects can be attributed to several factors. On one hand, their small
size and large specific surface area facilitate better penetration of parasitic cells, thereby
enhancing their effectiveness [56]. On the other hand, nanoparticles can generate reactive
oxygen species, such as free radicals, which are toxic to parasites, causing damage to
their cellular structures and metabolic processes [60]. Moreover, nanoparticles can disrupt
the cell membranes of parasites, altering their integrity and leading to their demise. It
is worth noting that the use of nanoparticles has the potential to reduce required drug
dosages, consequently minimizing undesirable side effects in patients [61]. Furthermore,
nanoparticles can be tailored to specifically target parasitic cells, further increasing their
effectiveness and reducing harm to healthy host cells [62].

Overall, the results underscore the potential of utilizing nanoparticles for drug deliv-
ery to reduce the parasitic burden, offering a promising avenue for managing leishmaniasis.
Given the challenges posed by this parasitic disease, the imperative development of novel
therapeutic strategies becomes evident. Silver oxide nanoparticles derived from green
synthesis using Ericaria amentacea algae holds promise in this regard. However, within the
medical domain, the use of silver oxide nanoparticles carries potential risks that warrant
consideration. While their antimicrobial properties generate enthusiasm for treating infec-
tions, potential adverse effects come to the forefront. Among these potential dangers are
cellular cytotoxicity, which can impact both healthy cells and targeted microorganisms and
have adverse effects on the balance of the endogenous microbial flora [63,64]. Additionally,
the emerging threat of microbial resistance to silver nanoparticles could potentially restrict
their long-term effectiveness. Nevertheless, despite their encouraging potential, it remains
pivotal to continue research for a more comprehensive understanding of the mechanisms
of action of nanoparticles within the context of leishmaniasis. Thorough assessments of
long-term safety and clinical efficacy are imperative. While in vitro studies constitute a
critical initial step in determining their potential, comprehensive clinical investigations
will be necessary to ascertain their true utility in leishmaniasis treatment. Ultimately, the
integration of nanoparticles into the medical field presents a promising advancement that
could revolutionize our approach to managing parasitic diseases and other pathologies.
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5. Conclusions

Industrialization and the rapid growth in the global population have spurred an
increasing demand for innovative solutions in the medical and pharmaceutical sectors.
The necessity for environmentally friendly products and effective materials for biomedical
applications has driven research in this field. This study aimed to address these challenges
by conducting the eco-friendly synthesis of silver oxide nanoparticles using extracts from
Ericaria amentacea seaweed. This green synthesis approach aligns with the goals of a
sustainable and environmentally friendly economy. The bioactive properties of these
nanoparticles were assessed through antileishmanial and cytotoxicity analyses, confirming
their effectiveness. These nanoparticles show promising potential as antileishmanial agents,
meeting the growing requirements of the medical and pharmaceutical industries in an
eco-friendly and sustainable manner.
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