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1. Introduction in the bloodstream of the human body. Both forms of these
parasites are infectious (de Souza et al., 2018).

The types of leishmaniasis include cutaneous leishmania-
sis, mucocutaneous leishmaniasis, visceral leishmaniasis,
and Post-Kala-Azar dermal leishmaniasis (Stauch et al.,
2011; WHO, 2020). Among the four types of leishmani-
asis, Visceral leishmaniasis is the only type that shows a
threat to life, and is closely associated with underdevel-
oped countries (Boelaert et al., 2009; Bhattacharya et al.,
2024b). It reveals irregular fever, weight loss, cachexia,
splenomegaly, anaemia, pancytopenia, and hypergamma-
globulinemia (Brahmachari, 1922; Karimi et al., 2016).
The major therapeutic drugs, available in the market, are
amphotericin B, miltefosine, paromomycin, pentavalent an-
timonial, etc. but they possess serious side effects, such as

Visceral leishmaniasis is a life-threatening, dangerous para-
site illness that attacks the internal organs and impacts the
most impoverished people (Boelaert et al., 2009). It is the
second biggest parasitic killer disease in the world (Desjeux,
2004) and is commonly recognised as ‘Kala-Azar’ (‘Black
Fever’) in India, because it causes hyperpigmentation of the
skin during the development of the disease (Stauch et al.,
2011). The disease is caused by a protozoan parasite, Leish-
mania donovani, transmitted by Phlebotomus argentipes
sandflies (Akhoundi et al., 2016). The parasites consist
of two different forms, one is promastigote, the flagellar
stage mainly found in the blood of the vector, and another is
amastigote, the aflagellar stage of the parasite mainly found
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cardiotoxicity, reversible kidney failure, pancreatitis, ane-
mia, heartbeat, muscle cramps or pain, nausea, vomiting,
blurred or double vision, seizures, numbness, tingling, pain,
or weakness in hands or feet, shortness of breath, skin rash
or itching, sore throat, fever, unusual bleeding or bruising,
etc. (Murray, 1999; Croft et al., 2006; Hurissa et al., 2010;
Van Griensven et al., 2010).

The prevalence and geographic range of visceral leishmani-
asis are increasing yearly, making it a global health concern.
In 2022, the World Health Organization received 12,842
new cases of visceral leishmaniasis throughout the world,
and 80 countries declared it endemic (WHO, 2023). There
are six major nations that account for more than 90% of
cases of visceral leishmaniasis, including Bangladesh, In-
dia, Nepal, Sudan, Ethiopia, and Brazil, where the disease
is mainly caused by L. donovani (Chappuis et al., 2007;
Bhattacharya et al., 2024a). In the Indian subcontinent, over
200 million people are estimated to be at risk of developing
visceral leishmaniasis (Lukes et al., 2007). Most of the
cases of leishmaniasis are reported from only 4 states of
India- West Bengal, Jharkhand, Bihar, and Uttar Pradesh
(Thakur et al., 2018; Dhamnetiya et al., 2021; Gill et al.,
2021; Pyne et al., 2022). Therefore, India is working harder
to overcome these obstacles and standing in the way of
eliminate visceral leishmaniasis (Bora, 1999; Kaur et al.,
2024).

Even though parasite infections are spreading quickly across
the globe, relatively little research has been done on how to
cure them. The key to solving this problem is the develop-
ment of alternative drugs from natural sources. Nanotech-
nology, a modern area of science, has proved its effective-
ness by decreasing the toxic side effects of conventional
drugs with increasing specificity.

To overcome this obstacle, scientists in the new era have
used metallic nano-bio-technologies as an alternative form
of natural medicine due to their small size and unique prop-
erties. As connected to our research, the scientists have
observed the uses of this nanobiotechnology against Leish-
mania parasites (in vitro), and they have found that these
metallic nanoparticles have potential anti-leishmanial ac-
tivity. The selenium nanoparticles (SeNPs) can prevent
the growth of both amastigote and promastigote forms of
Leishmania major, which is biosynthesized via Bacillus sp.
(Shakibaie et al., 2010). The silver nanoparticles (AgNPs)
are highly effective against the infection of Leishmania
donovani (Mohebali et al., 2009; Baiocco et al., 2011). The
iron oxide nanoparticles (IONPs) show potential effects
against the promastigote form of both Leishmania major
and the anterior flagella of Leishmania tropica (Khatami
et al., 2017; Ahmed et al., 2023). Moreover, it has also
been reported that the AgNPs, AuNPs, TiO,NPs, ZnONPs,
and MgONPs have potent anti-leishmanial activity against
Leishmania major parasites (Jebali et al., 2013; de Souza
et al., 2018).

Apart from their anti-parasitic potential, recent studies have
broadened the scope of green nanobiotechnology by uti-
lizing plant-based synthesis to create metal nanoparticles
with a wide range of biological applications. Zhang et
al. (2021) demonstrated the green synthesis of NiO nanopar-
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ticles using Calendula officinalis, revealing significant an-
tioxidant and anti-cancer activities. Kazemi et al. (2023)
reported the involvement of secondary metabolites from
Dracocephalum kotschyi in copper nanoparticle formation.
In the same year, Kota et al. (2023) employed Chromolaena
odorata leaf extract to synthesize CuO/Cu nanoparticles,
which showed effective wound healing potential. Younas
et al. (2024) showed that selenium nanoparticles synthe-
sized via a green route significantly enhanced biochemical
traits and metabolite content in sesame seed oil. Most re-
cently, Mohammadhosseini et al. (2025) used Cannabis
sativa methanolic extract to fabricate silver nanoparticles,
underscoring its rich phytochemical profile and biological
efficacy. Banerjee et al. (2022) also utilized silver nanopar-
ticles from Baccaurea ramiflora fruit as a potent anti-cancer
agent. These examples reflect the growing importance of
green synthesis in creating multifunctional nanomaterials
from biological sources, paving the way for eco-friendly
solutions in medicine and agriculture.

In this study, we have used iron nanoparticles (INPs) against
the promastigote form of Leishmania donovani (in vitro),
and to the best of our knowledge this application of INPs
against visceral leishmaniasis is the first time documented.
We have synthesized these INPs via green nanobiotechnol-
ogy, specifically through the utilization of Rhizoclonium
riparium. This marks the first reported instance of such
synthesis. Rhizoclonium is a genus of filamentous green
algae that belongs to the Cladophoraceae family. It can
spontaneously synthesize INPs through both in situ and ex
situ processes. The synthesized INPs were characterized
using light microscopy, UV-Visible (UV-Vis.) spectroscopy,
transmission electron microscopy (TEM), energy disper-
sive X-ray (EDX) analysis, and dynamic light scattering
(DLS) for particle size measurement. Furthermore, we ap-
plied these INPs to the promastigote form of L. donovani
parasitic cells in an in vitro assay over a 48-hour period,
utilizing the MTT assay to investigate the impact of these
nanoparticles (Fig. 1).

2. Experimental

2.1 Reagents and materials

This experiment is divided into two phases. The first phase
involves the synthesis of INPs using Rhizoclonium biomass
and its characterization, while the second phase focuses on
the application of these INPs against L. donovani promastig-
otes.

2.2 Algal strain maintenance

The pure culture of R. riparium was obtained from the
culture collection of Calcutta University (AL/CCCU/FW-
17), and was maintained in a 3N-BBM culture medium
(NaNOs375 g/L, CaCl, - 2H,0 2.5 g/L, MgSOy - 7TH,0 7.5
g/L, KzHPO4 . 3H20 7.5 g/L, KH2P04 17.5 g/L, NaCl 2.5
g/L, and microelements FeCls - 3H,O 97 mg/L, MnCl, -
4H,0 41 mg/L, ZnCl, 5 mg/L, CoCl, - 3H,;0 2 mg/L,
Nay;MoOy -2H;0 4 mg/L), supplemented with antibiotics
at 20 °C undercool fluorescent lights at 20-30 pmol photons
m~2 s~ ! with 16:8 h light: dark cycle.
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Figure 1. The overview of the production of INPs by thallus of Rhizoclonium riparium: a and b. Inoculation of fresh algal biomass in FeCl3 solution
(0.005 M); c. Formation of in-situ and ex-situ INPs after 48 hours; d. Extraction of INPs; e. Characterization of INPs; f. Application of INPs on the

promastigote form of Leishmania donovani (MHOM/IN83/AG83) parasite.

2.3 Production of iron nanoparticles

Around 250 mg (fresh weight) of healthy growing biomass
of R. riparium in the exponential phase was collected from
the culture media and carefully washed multiple times with
sterile double-distilled water to remove the excess media
components. The biomass was added to 50 mL of FeCls
solution (0.005 M, pH 6) and the experimental flasks were
kept in an orbital shaker (Eyela LTR 700, China) at 70 rpm
for successive time intervals (24 h, 48 h, and 96 h) at 25 °C
in darkness. The production of INPs can be identified by a
distinct color shift from fresh green to brown biomass and
from light yellow to brown experimental solution.

2.4 Extraction of the iron nanoparticles

After 24-48 hours, the brown biomass was taken out from
the experimental solution and washed 2-3 times using sterile
double-distilled water, followed by the extraction of INPs
according to the standard protocol (Roychoudhury et al.,
2016). Then, the nanoparticles were pelleted by using a
C-24 BL Remi cooling centrifuge (Maharashtra, India) at
14500 rpm for 20 minutes, followed by complete air drying
under laminar air flow.

2.5 Microscopic observation

The images of iron-exposed algal filaments were captured
with 10x and 40x magnification using a Carl Zeiss 18 (EDS
8100) microscope with Zeiss Inca Penta FETX 3 (Oxford
Instruments). The morphology of the nanoparticles was
observed using a JEOL JEM 2100 high-resolution trans-
mission electron microscope operating at an accelerating
voltage of 200 kV, equipped with an EDX detector at an
accelerating voltage of 80 kV.

2.6 UV-Vis. spectral analysis

UV-Vis. spectroscopy was performed to verify the creation
of INPs. The sample was diluted into distilled water using

a small aliquot, and the absorption of the nanoparticle sus-
pensions was recorded at wavelengths of 200-800 nm using
a Hitachi U-2900, UV-Visible spectrophotometer (Tokyo,
Japan).

2.7 Dynamic light scattering (DLS)

The hydrodynamic size of the INPs was measured using the
dynamic light scattering (DLS) setup with a Malvern Zeta-
sizer Nano ZS Analyzer (UK). The sample was prepared by
dilution with water, which was followed by ultrasonication
and syringe filtration.

2.8 Extract preparation of iron nanoparticles for appli-
cation

To prepare the stock solution of INP for the application,
at first, 1 mg portions of dried INP dust particles were
mixed with 1 mL of ultra-pure Milli-Q water, and then soni-
cated for 10 min, at 5 min intervals at 60% amplitude in a
Hielscher UP100H ultrasonic processor (Teltow, Germany).

2.9 Parasite culture

The  promastigotes of  Leishmania  donovani
(MHOM/IN/83/AG83) were kept at 24 °C in M199
medium with 10% FBS and 1.0% penicillin-streptomycin.
Then, for maintenance of culture, at every 48-72 hours,
the promastigotes were sub-cultured using an inoculum of
1 x 10° cells.

2.10 Cell viability assay

The in vitro cell viability was determined by the MTT col-
orimetric assay developed by Mosmann. The principle
of the MTT assay is to measure the viability of cells by
determining the activity of mitochondrial enzyme succinate-
dehydrogenase within viable cells that can cleave the MTT
salt into formazan, a blue-colored product. The amount of
formazan produced is directly proportional to the viability
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of cells and the intensity of color is measured in the ELISA
Plate Reader at 560 nm.

In our experiment, to check the effect of INPs on Leishma-
nia donovani promastigotes, each 100 pL of the promastig-
otes (1 x 103 cells/mL/well) harvested from the logarithmic
growth phase was added to a total of twelve wells with in-
creasing concentration, in a 96-well microtiter plate. The
different concentrations of 15.125, 31.25, 62.5, 125, 250,
and 500 pg/mL were prepared in a cell growth medium from
a 1 mg/mL stock solution of INP. Further, the cells were
incubated for 48 hours in a Biochemical Oxygen Demand
(BOD) incubator with INP treatment, with a control set.
After the 48-hour incubation period, 20 pL of MTT solution
(5 mg/mL) was added to each well and incubated at 36 °C
for 6 hours. Then, the 96-well plate was centrifuged at
2000 rpm for 4 minutes, and the supernatant was discarded.
Then, 50 pL of methanol was added to the pellet. Finally,
the absorbance was measured in an ELISA plate reader at
560 nm, where the intensity of formazan color indicates
the viability of promastigotes. Pentamidine was used as
a positive control, and a stock solution was prepared at a
concentration of 1 mg/mL.

The value was therefore calculated by Eq. (1):

Promastigote viability = H
(Absorbance of treated promastigotes/

Absorbance of untreated promastigotes) x 100%

2.11 Determination of cytotoxicity

The INPs’ cytotoxicity against normal and healthy cells was
assessed using the MTT test. BEAS-2B cells, a bronchial
epithelial cell line, were cultured in DMEM supplemented
with fetal bovine serum (FBS, 10%), 100 IU/mL penicillin,
and 100 pg/mL streptomycin. The cells were seeded in a
96-well plate with INPs and cultured for 24 hours in a CO,
incubator. After incubation, 20 pL. of MTT solution (10%
v/v of 5 mg/mL) was added to each well. The resulting
formazan crystals were dissolved in DMSO for absorbance
measurements at 560 nm.
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The cell viability was calculated by Eq. (2):

Cell viability = 2)
(Absorbance of treated BEAS 2B cells/
Absorbance of untreated BEAS 2B cells) x 100%

The selectivity index (SI) of the INPs was then computed
by dividing the CCsy (concentration at which 50% of the
BEAS-2B cells were viable) by the ICsy value observed
against the L. donovani promastigotes.

2.12 Determination of promastigote viability by cell vi-
sualisation

To validate the MTT results, both untreated and INP-treated
promastigotes were observed under a bright field micro-
scope. Cells were incubated in a 96-well plate for 48
hours, followed by centrifugation and the supernatant was
removed. Then, the precipitate was equally distributed on
a slide and visualised under a bright light. The number of
cells was counted, and cellular morphological alterations
were examined.

3. Results and discussion

3.1 Biosynthesis of iron nanoparticles

The green color of fresh algal biomass was turned into
a brownish-red color (Fig. 2 b, e) after 24-48-hour time
intervals. The color of the FeCls solution turned into an
excessive brownish-red color, which indicates the formation
of INP (Fig. 2 a, d). Therefore, it can be concluded that
R. riparium can be utilized in the spontaneous synthesis
of INP through both in situ and ex situ processes. It can
be synthesized correctly by using specific parameters like
FeCl;3 solution (0.005 M at pH-6), with a 1:5 ratio of FeCls
and biomass concentration. This is the first report of Rhizo-
clonium-mediated in situ and ex-situ INP production using
the whole algal thallus instead of algal extract.

3.2 Characterization of iron nanoparticles

Finally, the INPs were obtained under specific parameters.
The reddish-brown-colored biomass and experimental sus-

40x
I 10 pm

Figure 2. Color of the algal biomass: a. The color of FeClsz solution before production of INPs; b. The color of biomass before being treated with INPs; c.
The light microscopy shows the fresh cells of R. riparium; c. The color of FeCl3 solution after production of INPs after 48 hours; e. The color of biomass
after being treated with INPs; f. The light microscopy shows iron deposition inside the cells of R. riparium.
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pension were obtained after INP production. Under a light
microscope, the color change of the thallus was observed
due to the deposition of in situ INPs (Fig. 2: ¢, f). UV-
Visible spectroscopic analysis shows that the characteristic
peaks of INP were observed at 380 nm, which is due to
charge transfer spectra (Fig. 3 a). The TEM picture of INP
clearly shows that the product is entirely composed of crys-
tals with a relatively uniform, spindle morphology, and the
images indicate the average size distribution of INPs was
18.31 + 8.32 x 3.33 & 1.11 nm (Fig. 3 b). The DLS re-
sults indicated that the distribution of INP particles ranges
from 68.6 to 105.7 nm, with a mean particle size of 82 nm.
Most of the particles are approximately 78.82 nm (46.4%),
followed by those measuring 91.28 nm (Fig. 3 ¢). The en-
ergy dispersive X-ray analysis (EDX) spectra showed the
presence of iron in INPs Fig. 3 d).

3.3 Cell viability assay

The screening of INP through MTT assay on the Leishmania
donovani parasite revealed the anti-leishmanial activity with
increasing concentration of INP, followed by a subsequent
reduction of formazan color intensity after 48 hours. The
ICs5q value for the INP against L. donovani promastigotes
was 43.36 ug/mL, which is better than the control drug
pentamidine (Fig. 4).

3.4 Determination of cytotoxicity

Drug specificity is related to cytotoxicity. As this INP has
been found to have potent anti-leishmanial activity, it is es-
sential to determine if it has any cytotoxic effect against nor-
mal cells. The cytotoxicity assays aim to ascertain whether
the possible drug candidate has any toxic impact on healthy
and normal cells. A viability percentage of 84% was ob-
served at the 100 ug/mL concentration of the extract, sug-
gesting its parasite-specific activity (Fig. 4) with a CCsg
value of 551.9 ug/mL. The value of the selectivity index
(SD) represents a drug’s selectivity for the target cells over
normal healthy cells. On this account, the SI value of the
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INPs was calculated to be 12.72, a value much higher than
the minimum standard SI value of 2.

3.5 Determination of promastigote viability by cell visu-
alisation

As visualisation is one of the most important aspects of
recognizing any drug action, the INP-treated promastigotes
were examined under a bright field microscope after MTT
to validate the results. Fig. 5 shows a consistent decrease
in promastigotes’ growth as well as significant morpholog-
ical alterations following INP treatment. With increasing
concentration of INPs, the promastigotes have lost their typ-
ical spindle-shaped structure and become roundish in shape.
They have also lost their characteristic flagella at higher
concentrations. Thus, the outcomes of the study confirm
the anti-leishmanial efficacy of INPs.

So, R. riparium-mediated iron nanoparticles, a novel dis-
covery in science, have been found to effectively reduce
parasite burden in culture after 48 hours, as demonstrated by
the cell viability assay. The ICsq value of 43.36 ug/mL indi-
cates the leishmanicidal potentiality of these algae-mediated
INPs against the parasite, suggesting it is a novel and good
alternative to conventional drug treatment. The experiment
demonstrates a continuous reduction in the proliferation of
promastigotes, along with notable morphological changes
subsequent to INP therapy. Thus, this study revealed another
new direction in the elimination of visceral leishmaniasis
via the application of algae-mediated INPs.

3.6 Comparison the finding of this work with the previ-
ously reports

In the last two decades, scientists have utilized various types
of algae to synthesize INPs for a wide range of applications.
The INP serves as a contrast agent for MRI, a therapeutic
agent for cancer treatments based on hyperthermia, a drug
carrier for target-specific drug delivery, a gene carrier for
gene therapy, and is utilized abundantly due to the pres-
ence of active metabolites (Chan et al., 1993; Matheson
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Figure 3. Characterization of the synthesized nanoparticles: a. UV-Vis. spectroscopy analysis; b. TEM analysis; c. DLS analysis; d. EDX analysis.
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Figure 4. a. Graphical representation of cell viability percentage of Leishmania donovani cells after INPs and control drug pentamidine treatment. b.
Graphical representation of the cell viability percentage of BEAS-2B cells after INP treatment.

et al., 1994; Beets-Tan et al., 1998; Babes et al., 1999;
Gupta et al., 2005; Iida et al., 2007; Tiwari et al., 2008;
Mohapatra et al., 2011). Till now, green algae are mostly
utilized to synthesize INP (33%), followed by brown algae
(30%) and blue-green algae (24%) (Mondal et al., 2024b).
More than 35 species of macro and microalgae have been
reported to be capable of synthesizing INPs among which
Chlorella, Chlorococcum, Spirogyra, Scenedesmus, Ulva,
Enteromorpha, and Aegagropila are notable green algae that
scientists have utilized for INP synthesis (Kassi et al., 2008;
Subramaniyam et al., 2015; Subramaniyam et al., 2016;
Fraga-Garcia et al., 2018; Mashjoor et al., 2018; Ghan-
bariasad et al., 2019; Sadiq Hawezy et al., 2020; Ahmed
et al., 2021; Bensy et al., 2022; Yu et al., 2022; Mondal
et al., 2024c¢).

Till now, some unicellular algae and cyanobacteria, e.g.,
Anabaena, Calothrix, Arthrospira, Leptolyngbya, Spirulina,
and Oscillatoria have been reported to synthesize INP as to
whole-cell conditions without extract formation (Brayner
et al., 2009; Sadiq Hawezy et al., 2020; Banerjee et al.,

2021a; Banerjee et al., 2021b; Haris et al., 2023; Mon-
dal et al., 2024a). On the other hand, macro algae, like
e.g. Sargassum, Dictyota, Petalonia, Padina, Colpomenia,
Spatoglossum, Turbinaria, etc., formed INPs in extract form
(Mahdavi et al., 2013; Chandran et al., 2016; El-Kassas et
al., 2016; Khaleelullah et al., 2017; Salem et al., 2019;
Salem et al., 2020; El-Sheekh et al., 2021; Palaniyandi et
al., 2023). Our experiment is a novel work to produce INPs
via macro algae with the whole thallus without extraction.
In this study, we have synthesized INP via R. riparium, a
green alga, using FeCls solution (0.005 M, pH 6). After 24
to 48 hours, the spindle-shaped INPs were produced within
a range of 68 — 91 nm. Previously, Arthrospira platensis,
Leptolyngbya alborus, and Pseudostaurosira trainorii have
also been reported to synthesize spindle-shaped INPs along
with 24.26 x 5.45 nm, 47.42 x 7.7 nm, and 50 — 70 nm
in size (Roychoudhury et al., 2016; Banerjee et al., 2021a;
Banerjee et al., 2021b). The UV-Vis. spectrum peak of INP
in the current experiment was observed at 380 nm; however,
additional UV absorbance peaks of INP were identified
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Figure 5. Cellular morphology study by Leishman stain.
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within the range of 230 to 480 nm (Mahdavi et al., 2013;
Subramaniyam et al., 2015; El-Kassas et al., 2016; Salem
et al., 2020; Banerjee et al., 2021b; Roychoudhury et al.,
2022; Mondal et al., 2024c; Mondal et al., 2024a). As far
as our knowledge goes, this is the first time R. riparium
has been involved in synthesizing INP without any extract
preparation as a whole, uninterrupted thallus.

Several studies have explored the promising role of algae-
mediated nanoparticles in anti-leishmanial therapy due to
their natural bioactivity, eco-friendly synthesis, and reduced
cytotoxicity. For instance, Atef et al. (2025) reported that
zinc selenide nanoparticles coated with Ulva fasciata hy-
droalcoholic extract significantly inhibited Leishmania ma-
Jjor growth, indicating the therapeutic potential of seaweed-
derived nanomaterials. Similarly, Mohamed Abdoul-Latif
et al. (2023) demonstrated the green synthesis of silver ox-
ide nanoparticles using Ericaria amentacea algal extracts,
which exhibited potent anti-leishmanial effects. These find-
ings align with the growing evidence that seaweed-derived
compounds possess direct anti-parasitic properties, further
supporting algae as both reducing agents and active contrib-
utors in nanoparticle-based parasitic control (Cheng et al.,
2025).

Among various metallic nanoparticles, INPs have attracted
particular interest due to their redox properties, catalytic ac-
tivity, and biocompatibility. Previous studies have reported
the successful application of chemically or bacterially syn-
thesized INPs against Leishmania spp., including L. major
and L. tropica, where they disrupted membrane integrity
and generated reactive oxygen species, leading to parasite
death (Rastogi et al., 2025). However, the synthesis of INPs
using algae and their application against Leishmania dono-
vani remains largely unexplored. In this context, the present
study is the first to report the biosynthesis of INPs using the
filamentous green alga R. riparium and to evaluate their effi-
cacy against the promastigote form of Leishmania donovani.
This dual novelty using Rhizoclonium as a bio-reductant and
targeting L. donovani with algal-derived INPs represents
a significant advancement in green nanotherapeutics for
parasitic diseases and opens new avenues for marine algal
nanotechnology in neglected tropical disease management.

4. Concluding remarks

In this study, an environmentally sustainable approach
was investigated to mitigate the adverse effects associated
with conventional treatments for visceral leishmaniasis.
INPs were biosynthesized using the green macroalga
R. riparium, in accordance with the principles of green
chemistry and ecological sustainability. The entire thallus
of R. riparium was found to mediate the rapid, fluent, and
spontaneous synthesis of INPs through both in sifu and
ex-situ processes. These nanoparticles were thoroughly
characterized, and their bioactivity was evaluated against
the promastigote form of Leishmania donovani, where
significant anti-leishmanial efficacy was observed.

This study presents a novel and eco-friendly approach for
combating visceral leishmaniasis through the biosynthesis
and application of INPs. To the best of our knowledge, this
is the first report demonstrating the green synthesis of INPs
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using the filamentous green alga R. riparium. Furthermore,
it is also the first study to evaluate the anti-leishmanial
activity of algal-derived INPs against the promastigote
form of Leishmania donovani, highlighting their significant
inhibitory potential. The synthesis process was rapid,
spontaneous, and followed green chemistry principles, with
thorough physicochemical characterization validating the
successful formation of nanoparticles.

Looking ahead, these promising results pave the way
for further research into the mechanisms underlying the
anti-parasitic action of nanoparticles. Future investigations
should focus on in vivo validation, toxicity profiling
in mammalian models, formulation development, and
targeted delivery strategies to enhance therapeutic efficacy.
Moreover, the scalability of algal-based nanoparticle
synthesis and its integration into combinatorial therapies
or topical applications present exciting prospects in both
pharmaceutical and public health contexts. These findings
underscore the potential of marine algal resources in the
development of sustainable nanomedicines.
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