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A B S T R A C T

Chemical larvicides and repellents have long been used to combat Anopheles gambiae, the primary malaria vector. 
However, their prolonged application has raised significant concerns regarding environmental toxicity, human 
health risks, and the emergence of resistant mosquito populations. This study presents a sustainable alternative 
consisting of green-synthesized silver nanoparticles (AgNPs) derived from Lippia multiflora, Ocimum gratissimum, 
and Tetradenia riparia. These nanoparticles were characterized using several techniques, including UV–visible 
spectrophotometry, transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and 
Fourier transform infrared (FTIR) spectroscopy, revealing their spherical structure with diameters of 20–50 nm 
and stabilization by plant secondary metabolites. Aqueous suspensions of AgNPs derived from these three plants 
demonstrated dose-dependent larvicidal efficacy, achieving up to 95% mortality, while creams containing AgNPs 
from Lippia multiflora and Ocimum gratissimum exhibited an impressive 85% repellent efficiency. Molecular 
docking studies revealed that secondary metabolites used as capping agents enhanced larvicidal activity by 
inhibiting angiostensin converting enzyme of Anopheles gambiae (AnoACE2), further demonstrating the syner
gistic role of these metabolites in stabilising and boosting AgNPs efficacy. These findings highlight the potential 
of green-synthesized AgNPs as an eco-friendly and effective alternative to conventional chemical larvicides and 
repellents, addressing a pressing global need for sustainable mosquito control strategies. By leveraging the 
bioactivity of plant-derived compounds, this approach minimises environmental and health risks while offering 
high efficacy against malaria vectors. This research underscores the significant role of green nanotechnology in 
developing innovative solutions to vector control, paving the way for its integration into holistic malaria pre
vention programs and the fight against other mosquito-borne diseases.

1. Introduction

Mosquito-borne diseases (MBDs) are among the most significant 

global public health challenges, contributing to over 700 million cases 
annually and severe disease outbreaks [10,49]. Climate change has 
further exacerbated this issue by altering temperatures and precipitation 
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patterns, thereby expanding the geographic distribution, seasonality, 
and prevalence of vector populations [35]. As primary vectors, 
mosquitoes transmit life-threatening diseases such as malaria, lymphatic 
filariasis and yellow fever [32]. Malaria remains endemic in tropical 
regions, with the highest burden concentrated in countries like Nigeria, 
the Democratic Republic of the Congo (DRC), Tanzania, and Niger [32]. 
Vulnerable populations, including children under five and pregnant 
women, are disproportionately affected, resulting in severe 
socio-economic consequences [10,53].

Among mosquito species, Anopheles gambiae is a key vector for ma
laria in tropical regions, thriving in areas with poor sanitation and 
stagnant water, which serve as ideal breeding grounds [3,35]. While 
traditional mosquito control strategies include chemical, mechanical, 
and biological approaches [32], the widespread reliance on chemical 
insecticides has caused significant ecological and health concerns [40]. 
These insecticides disrupt mosquito metabolic pathways, affecting their 
hormonal and neurological systems [28]. However, overuse has led to 
the emergence of resistant mosquito populations, diminishing the effi
cacy of these chemicals and allowing vector resurgence [28]. Addi
tionally, the prolonged use of insecticides poses toxic risks to humans 
and the environment, underscoring the urgent need for effective, 
affordable, and environmentally sustainable alternatives [10,28].

The transmission of MBDs is primarily driven by mosquito bites, 
which can also trigger allergic reactions such as irritation, urticaria, and 
angioedema [14]. Personal protection using repellent agents is a critical 
preventive measure [32]. While DEET (N,N-dieth
yl-m-methylbenzamide) is widely used as an effective insect repellent, 
recent studies have raised concerns about its potential toxicity, high
lighting the need for safer, plant-based alternatives [14]. In alignment 
with the World Health Organization’s (WHO) recommendations to 
explore medicinal plants [52], communities in malaria-endemic regions 
have increasingly turned to plants with recognized mosquitocidal and 
larvicidal properties [26]. Notably, Lippia multiflora (LI-MU), Ocimum 
gratissimum (OC-GR), and Tetradenia riparia (TE-RI) have been tradi
tionally used in Congolese medicine for their secondary metabolites 
with potent larvicidal and repellent effects [26,29]. However, achieving 
effective larvicidal and repellent activity with these plants often requires 
high concentrations of aqueous extracts, presenting practical limitations 
[38].

Numerous studies have also reported the insecticidal and repellent 
potentials of essentials oils of LI-MU, OC-GR, and TE-RI. For example, 
monoterpenes of LI-MU like thymol and p-cymene have shown potent 
larvicidal activity against Anopheles, Aedes, and Culex species, achieving 
mortality rates exceeding 90% at concentrations below 100 ppm [7,24]. 
Similarly, OC-GR, known for its high eugenol content, has demonstrated 
strong repellent and larvicidal properties, often comparable to DEET 
[38]. On the other hand, TE-RI contains fenchone and various diterpe
noids with documented larvicidal activity and neurotoxic effects on 
mosquitoes [12]. However, most of these investigations have primarily 
focused on essential oils, which are rich in volatile monoterpenes and 
sesquiterpenes [16]. Despite their efficacy, essential oils require 
energy-intensive extraction methods and large quantities of plant ma
terial, and their hydrophobic nature limits their applicability in aqueous 
formulations [32].

To address these challenges, green nanotechnology has emerged as a 
promising approach for developing safe, effective, and low-cost larvi
cides as well as repellents [32]. Current developments in this field focus 
on harnessing a variety of biological sources (e.g. plants, fungi, bacteria, 
and algae) as both reducing and stabilizing agents in metallic nano
particle formation [41,54]. This approach continues to evolve toward 
more sustainable and efficient techniques, utilizing diverse biological 
systems to generate metallic nanoparticles. Unlike microbes, plants pose 
no risk of pathogenic contamination, making handling safer. Addition
ally, plants (e.g. leaves) are widely available and renewable, supporting 
sustainable nanoparticle production [17,23].

Metallic nanoparticles, particularly those synthesized using plant 

extracts containing silver, zinc, or copper, leverage the intrinsic me
dicinal properties of these metals and the bioactivity of plant-derived 
secondary metabolites. Among metallic nanoparticles, silver nano
particles (AgNPs) have shown the most promise due to their inherent 
antimicrobial properties and proven efficacy against various mosquito 
strains [11,32,45] [9,17]. The green synthesis of AgNPs using plant 
materials is particularly attractive due to its eco-friendly nature and 
potential for tailoring nanoparticle properties via phytochemicals such 
as flavonoids, polyphenols, terpenoids, and alkaloids [41,54].

Although many studies related to insecticidal AgNPs have focused on 
alcohol- and organic-based extracts for nanoparticle synthesis [32], 
aqueous extracts despite being safer, more accessible, and pharmaceu
tically relevant have been widely underexplored in green nanotech
nology for mosquito control, representing an untapped resource in 
vector control and a sustainable alternative to synthetic insecticides. 
Indeed, aqueous extracts more representative of traditional medicinal 
usage are abundant in hydrophilic phytochemicals aforementioned that 
not only possess antioxidant and enzyme-inhibiting properties but are 
also environmentally benign and better suited for green synthesis ap
plications of AgNPs [9]. The dual role of aqueous extracts as reduc
ing/capping agents and bioactive compounds presents a compelling 
opportunity for eco-conscious vector control strategies.

The present study addresses this gap by utilizing aqueous extracts of 
LI-MU, OC-GR, and TE-RI for the green synthesis of AgNPs and evalu
ating their combined larvicidal and repellent efficacy against Anopheles 
gambiae mosquitoes. Molecular docking studies were conducted to 
elucidate the possible mechanism of action, targeting the angiostensin- 
converting enzyme of Anopheles gambiae (AnoACE2). Therefore, this 
study proposes a novel ligand-receptor-based approach to developing 
effective, sustainable, and eco-friendly larvicides and repellents by 
combining green synthesis methods and molecular docking insights.

2. Materials and methods

2.1. Materials

The fresh leaves of LI-MU, OC-GR and TE-RI were collected in Kin
shasa, DRC. These plants were identified at the herbarium of Institut 
National d’Etudes et des Recherches Agronomiques (INERA) of the 
University of Kinshasa. The leaves were washed with distilled water, 
then air-dried away from light at room temperature for 10 days and 
crushed in fine powder using an electric grinder (Damai, Zhejiang, 
China). Silver nitrate (≥99.7%) was purchased from Minema Chemicals 
(Johannesburg, South Africa). Glycerin, sodium lauryl sulfate, petro
leum jelly and liquid paraffin were purchased from Fisher Scientific 
(Leicestershire, United Kingdom).

2.2. Methods

2.2.1. Preparation of leaf extracts
Five grams of LI-MU, OC-GR and TE-RI were boiled in 100 ml of 

distilled water for 5 min. The mixtures were then filtered using 90 mm 
filter paper (Boeco, Germany). The resulting filtrates were utilised as 
reducing and capping agents for the synthesis of AgNPs.

2.2.2. Green synthesis of AgNPs
One millilitre of aqueous extract from each plant was mixed with 

5 ml (for LI-MU and OC-GR) or 9 ml (for TE-RI) of 5 mM silver nitrate 
solution. The mixtures were incubated at room temperature for 48 h. 
After incubation, the solutions were centrifuged at 2000 rpm for 10 min 
using an Allegra® X-15R Centrifuge (Beckman Coulter, California, USA), 
and the resulting pellets were collected and dried in an oven (Binder, 
Germany) at 50◦C for 48 h.

2.2.3. Characterization of green-synthesized AgNPs
The optical properties of the green-synthesized AgNPs were analysed 
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using UV-Visible spectrophotometry (Agilent, California, USA). Spectra 
were recorded in the wavelength range of 200–800 nm with a resolution 
of 1 nm, using distilled water as the blank [23,45].

The morphology and size of the AgNPs were examined using trans
mission electron microscopy (TEM) (Zeiss Libra-120 KV TEM micro
scope, Carl Zeiss, Oberkochen, Germany). Diluted samples were applied 
onto carbon-coated copper grids, and excess liquid was removed with 
filter paper. The grids were air-dried at room temperature before par
ticle visualization [17,23].

The elemental composition of the AgNP surfaces was investigated 
using energy-dispersive X-ray spectroscopy (EDX) with an INCAPENTA 
FET connected to a VAGA TESCAM system (Libusina, Czech Republic). 
EDX spectra were recorded at an operating voltage of 20 kV [17,23,45].

Functional groups present on the AgNPs surfaces were identified 
using Fourier transform infrared (FTIR) spectroscopy with a Perkin 
Elmer Spectrum 100 FT-IR spectrophotometer (Massachusetts, USA) 
employing the attenuated total reflection method. For each experiment, 
16 scans were performed in the frequency range from 650 to 4000 cm− 1 

[17,23,45]. In order to assess their crystallinity, powder samples of the 
green synthesized AgNPs were analyzed at room temperature using an 
X-ray diffractometer (XRD) (Bruker D8 Discover XRD, Berlin, Germany). 
The instrument operated with nickel-filtered Cu Kα radiation (λ =
1.5404 Å) at a voltage of 40 kV and a current of 30 mA [23].

2.2.4. Mosquito larvicidal assay
The larvicidal activity of the eco-friendly synthesized AgNPs was 

evaluated against Anopheles gambiae larvae. Laboratory-bred Anopheles 
gambiae (Kisumu strain) were obtained from the Laboratoire de Bio
écologie et Lutte Antivectorielle, École de Santé Publique, University of 
Kinshasa, DRC. Wild Anopheles gambiae larvae were collected during the 
rainy season from stagnant water sites in Selembao, Lemba, and Maluku 
Townships (Kinshasa, DRC) using Pasteur pipettes. The larvae were 
transported to the laboratory, reared in dechlorinated tap water, and fed 
daily with finely ground fish food. They were maintained at 25 ± 3◦C 
with a relative humidity of 75 ± 5% and a 12:12-hour light/dark cycle 
[17].

The larvicidal activity was assessed following the World Health Or
ganization’s protocol with minor modifications [50]. Groups of 20 third- 
and fourth-instar larvae were exposed to 100 ml of AgNPs suspensions at 
concentrations ranging from 50 to 400 ppm. Temephos (Abate®) at 
concentrations ranging from 75 to 100 ppm and distilled water served as 
positive and negative controls, respectively. The larvae were kept at 
25 ± 3◦C for 24 h. Dead larvae were counted, and the percentage of 
mortality was calculated from the average of three replicates using Eq. 
(1). 

Percentage of mortality= (Number of dead larva/Number of larva 
introduced) × 100                                                                         (1)

2.2.5. Repellence assay
The repellence assay of AgNPs incorporated in oil-in-water creams 

was conducted following the WHO’s protocol, commonly known as the 
arm-in-cage method [51].

2.2.5.1. Preparation of creams loaded with AgNPs. The formulation of 
the repellent creams was adapted from the procedure described by 
Hazarika et al. [20]. The quantities of ingredients used to prepare the 
water-in-oil creams are detailed in Table 1. The aqueous phase, 
comprising glycerin, sodium lauryl sulfate, and water, was heated to 
70–80◦C. Simultaneously, petroleum jelly and liquid paraffin, forming 
the oil phase, were melted to the same temperature. After transferring 
the oil phase to a mortar, AgNPs were incorporated into the mixture. 
Preservatives (methyl paraben and propyl paraben) were added to the 
water phase before the two phases were combined. The aqueous and oil 

phases were gradually blended while continuously stirring to achieve a 
homogeneous dispersion.

2.2.5.2. Evaluation of the repellent activity of creams loaded with AgNPs.
To validate the method, a preliminary test was performed to confirm the 
mosquitoes' viability and their interest in a blood meal. According to the 
WHO’s protocol, the test's validity is determined by the landing of 
mosquitoes on the forearm of the test subjects [51]. To ensure accurate 
results, all test subjects abstained from using perfumes or any repellent 
substances for at least 12 h before the study.

Repellent activity was assessed using 3–5-day-old female Anopheles 
gambiae mosquitoes. These mosquitoes were collected from the Kindele 
neighbourhood (Mont Ngafula township, Kinshasa, DRC) and reared 
under controlled conditions in cages (40×40×40 cm) at 25 ± 3◦C with a 
relative humidity of 75 ± 5% and a 12:12-hour light/dark cycle [2]. 
Each cage contained 100 unfed mosquitoes. Cage I was designated for 
testing creams containing AgNPs (F1–F7), Cage II was used to evaluate 
DEET as the positive control, and Cage III was assigned to test creams 
without AgNPs (F8) [38].

Three volunteer test subjects participated in the study. The forearm 
and hand of each subject were washed with distilled water and dried 
with paper towels before applying the test samples. Each test lasted 
3 min and was repeated four times at 15-minute intervals. An attempted 
mosquito landing or bite during the 3-minute test marked the end of the 
evaluation for that sample. The protection time was recorded as the 
interval between the application of the repellent and the observation 
period immediately before a confirmed bite. The landing rate and 
repulsion percentage were used as key indicators of formulations' re
pellent activity. The mosquito’s landing rate was determined by visual 
observation, while the repulsion percentage was calculated using Eq. 2
[2]. 

Repulsion percentage = (C-T/T) x100                                             (2)

Where C and T represent the number of mosquitoes not repelled 
respectively by the negative control and the AgNPs.

The study protocol was approved by the institutional ethical com
mittee of the University of Kinshasa (ethical clearance certificate num
ber EPHYMED/023/CDB/2023).

2.2.6. Molecular docking study

2.2.6.1. Data collection. The molecular docking study was conducted to 
evaluate the interactions between active secondary metabolites 

Table 1 
Qualitative and quantitative composition of oil-in-water creams loaded with 
green-synthesized AgNPs.

Ingredients Quantity (g)

F1 F2 F3 F4 F5 F6 F7 F8

AgNPs from 
LI-MU

5 10 20 - - - 5 -

AgNPs from 
OC-GR

- - - 5 10 20 5 -

Petroleum 
jelly

8 8 8 8 8 8 8 8

Liquid 
paraffin

2 2 2 2 2 2 2 2

Glycerin 15 15 15 15 15 15 15 15
Sodium 

lauryl 
sulfate

1,5 1,5 1,5 1,5 1,5 1,5 1,5 1,5

Methyl 
paraben

0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08

Propyl 
paraben

0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02

Distilled 
water

q.s 
100

q.s 
100

q.s 
100

q.s 
100

q.s 
100

q.s 
100

q.s 
100

q.s 
100
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(ligands) present in the plant extracts eventually existing also in capping 
agents and the angiotensin-converting enzyme of Anopheles gambiae 
(AnoACE2) as the receptor. Phytochemical data for LI-MU, OC-GR, and 
TE-RI were collected from the scientific literature [1], which provided a 
list of known secondary metabolites associated with these plants. 
Among these, compounds such as isoverbascoside and verbascoside are 
recognized for their high polarity and solubility in aqueous media, 
making them likely to persist in the aqueous extracts and interact with 
silver ions as reducing and capping agents during nanoparticle synthesis. 
Their potential dual roles as phytochemical constituents and stabilizing 
molecules justify their inclusion in the docking study to evaluate 
mechanisms of larvicidal action.

The chemical structures of the identified compounds were retrieved 
from PubChem and ChEMBL databases [1,43]. Fosinoprilat, a known 
angiotensin-converting enzyme (ACE) inhibitor, was included as a 
reference or control molecule [1,17]. The chemical structures were 
manually drawn using ChemDraw software for ligands not available in 
the databases.

2.2.6.2. Ligand and receptor preparation. The collected ligands were 
downloaded in MDL SDfile format from the databases. For ligands 
drawn in ChemDraw, the chemical structures were saved in the same 
format. The AnoACE2 receptor structure was obtained from publicly 
available databases [43], ensuring compatibility with molecular dock
ing tools.

2.2.6.3. Docking procedure. Docking simulations were performed using 
PyRx software, which integrates AutoDock 4.2. To define the active 
binding site on the AnoACE2 receptor, a grid box was configured with 
dimensions of 41.7 Å × 38.3 Å × 29 Å and a centre point at 13.8 Å 
× -63.5 Å × -21.46 Å, optimizing the space for potential interactions 
[43]. Each ligand-receptor complex underwent docking calculations to 
predict binding affinities and binding energies. For each ligand, nine 
conformations were generated and assessed. The conformation with the 
lowest binding energy was selected as the optimal ligand-receptor 
complex [1,43].

2.2.6.4. Interaction analysis. The binding interactions between the li
gands and the amino acid residues of the AnoACE2 receptor were 
visualized in 2D and 3D formats using BIOVIA Discovery Studio soft
ware. Specific interaction types, such as hydrogen bonding, Van der 
Waals forces, π-π stacking, and electrostatic interactions, were analyzed 
and mapped to determine the strength and stability of the ligand- 
receptor complexes [31,43].

2.2.7. Statistical analysis
Data were expressed as mean of percentage ± SD. All statistical an

alyzes were performed using GraphPad Prism 8.0.2. Comparative anal
ysis was performed by Two-way ANOVA followed by Tukey’s and 
Sidak’s tests for larvicidal and repellent data respectively. Results were 
considered significant when the p-value was less than or equal to 0.05. 
Asterisks in the figures indicate significant differences between groups 

(*p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001) and ns for no 
significant difference for each respective analysis.

3. Results and discussion

3.1. Characterization of biosynthesized AgNPs

3.1.1. Visual analysis and UV-Vis spectroscopy
The reduction of silver ions by the secondary metabolites in the plant 

extracts resulted in a noticeable colour change from yellow to black- 
brown within 15 min of incubation, as shown in Fig. 1. This color 
shift indicates that the secondary metabolites functioned as reducing 
agents, thereby facilitating the successful synthesis of AgNPs. The 
observed colour change is attributed to the characteristic surface plas
mon resonance (SPR) phenomenon exhibited by AgNPs. Similar findings 
in previous studies have demonstrated that secondary metabolites such 
as polyphenols, tannins, alkaloids, and other bioactive compounds play 
a crucial role in the formation of AgNPs [17,23].

UV–visible spectra were recorded for all samples to further confirm 
this bioreduction process. The AgNPs synthesized using the aqueous 
extracts of LI-MU, OC-GR, and TE-RI exhibited maximum absorption 
peaks at 474 nm, 502 nm, and 510 nm, respectively. The variation in 
absorption wavelengths among the synthesized nanoparticles is likely 
due to differences in the chemical environment around the silver ions, 
which is influenced by the specific secondary metabolites involved in 
the bioreduction process. These variations in chemical composition are 
unique to each plant extract. As noted by Hazaa et al. [19], factors such 
as the concentrations of the plant extract and silver nitrate, temperature, 
pH, incubation time, and the chemical composition of the extract can 
significantly affect the maximum absorption of AgNPs.

3.1.2. Analysis of TEM images
The size and shape of the green-synthesized AgNPs were analysed 

using transmission electron microscopy (TEM). AgNPs synthesized from 
LI-MU, OC-GR, and TE-RI extracts exhibited a spherical morphology 
with the average particle sizes of 35.5 ± 8 nm, 32.2 ± 7.7 nm and 22.4 
± 4.7 nm respetively as illustrated in Fig. 2. The TEM micrographs 
revealed well-dispersed individual nanoparticles, with no evidence of 
agglomeration. This high level of dispersion confirms that the secondary 
metabolites acted as reducing agents and played a crucial role in sta
bilizing the nanoparticles. These observations align with previous 
studies highlighting the significance of plant-based methods in the green 
synthesis of AgNPs [6,19,23].

3.1.3. Analysis of the surface of biosynthesized AgNPs

3.1.3.1. Analysis of EDX images. The chemical composition of the sur
face of the green-synthesized AgNPs was determined using energy- 
dispersive X-ray spectroscopy (EDX), and the spectra were recorded as 
shown in Fig. 3. The results revealed a prominent peak at 3 keV, con
firming the presence of silver as the primary component [6,23]. Addi
tionally, the EDX spectra showed peaks corresponding to carbon and 

Fig. 1. Visual observation of the color change: LI-MU (A), OC-GR (B), TE-RI (C).
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oxygen, indicating the presence of organic compounds present on the 
surface of the AgNPs. These findings confirm that the secondary me
tabolites served as both reducing and capping agents during the syn
thesis process. These results are consistent with observations reported in 
the literature [9,17].

3.1.3.2. Analysis of FTIR spectra. The molecular interaction between 
silver and the secondary metabolites in the three plant extracts was 
evaluated using Fourier-transform infrared (FTIR) spectroscopy. This 
interaction was characterized by the presence of vibration bands cor
responding to functional groups from the secondary metabolites capped 
on the surface of the AgNPs as illustrated in Fig. 4. Distinct vibration 
bands were observed at approximately 3275–3263 cm⁻¹ , 
2915–2911 cm⁻¹ , 1352–1313 cm⁻¹ , and 1050–1330 cm⁻¹ across all the 
samples. These bands correspond to alcoholic O–H stretching, CH₃/CH₂ 
stretching, phenolic O–H, and C–H elongation, respectively. A vibration 
band associated with C––O elongation was also detected at around 
1606–1602 cm⁻¹ .

These findings align with the peaks observed in UV-Visible spectro
photometry and the elemental composition identified in the EDX 
spectra, confirming the molecular interaction between silver and the 
secondary metabolites. This interaction modifies the surface plasmon 
resonance (SPR) vibrations, further substantiating the role of secondary 
metabolites as reducing and capping agents in the synthesis of AgNPs, as 
Hazaa et al. [19] reported.

Interestingly, the characteristic IR band corresponding to N–O 
elongation, typically observed around 1670 cm⁻¹ , was absent. This 
suggests the lack of nitrate residues in the green-synthesized AgNPs, 
corroborating the EDX results, which did not indicate the presence of 
nitrogen peaks [6,23].

Despite the common characteristic IR bands observed in all samples, 
the FTIR spectra revealed some unique bands specific to each sample. 
These differences likely reflect variations in the chemical composition of 
the secondary metabolites involved in the bioreduction of silver ions, 
which vary between plant extracts [6,45]. These results collectively 
highlight the pivotal role of plant-derived secondary metabolites in the 

green synthesis of AgNPs, showcasing their dual function as reducing 
and capping agents.

3.1.3.3. Crystallinility of biosynthesized AgNPs. The XRD analysis shows 
several Braggs reflections with various 2θ values depending on batches 
of AgNPs (Fig. 5). All the AgNPs presented four characteristic diffraction 
peaks at 2θ equal to 38.19◦; 44.24◦; 64.54◦ and 77.36◦ corresponding to 
the reflection of (111), (200), (220) and (311) with plans of cubic lattice 
structure with faces centered in metallic silver (JCPDS-ICDD files No 
04–0783) [23]. These findings confirm the successful biosynthesis of 
silver nanoparticles (AgNPs) and their crystalline nature, as evidenced 
by characteristic XRD diffraction peaks [6,45]. Notably, the presence of 
additional diffraction peaks at 2θ values of 27.87◦, 32.32◦, 46.31◦, 
54.88◦, 64.54◦, 77.52◦, and 83.21◦ suggests the incorporation of phy
tocompounds also known as capping agents on the nanoparticle sur
faces, indicating that the green-synthesized AgNPs comprise not only 
elemental silver but also organic components [6,23,45]. Furthermore, 
Bragg reflections observed between 2θ = 24.48◦ and 32.50◦ are typically 
associated with crystalline and amorphous organic phases, reinforcing 
the presence of plant-derived organic compounds in the nanoparticle 
matrix [6,17,23]. These XRD results are consistent with complementary 
data obtained from FTIR, EDX, and UV-Vis spectroscopy analyses, 
further validating the hybrid organic–inorganic nature of the synthe
sized nanoparticles. Comparable diffraction patterns have been reported 
in AgNPs synthesized using other plant extracts [6,17,23,45]. Addi
tionally, noticeable differences in the intensity and position of XRD 
peaks among the three AgNP samples were observed, reflecting varia
tions in crystallinity. These discrepancies likely stem from the distinct 
qualitative and quantitative compositions of the capping agents pro
vided by the three different plant extracts LI-MU, OC-GR and TE-RI.

3.2. In vitro larvicidal activity of AgNPs

The larvicidal activity of AgNPs against Anopheles gambiae larvae was 
evaluated under laboratory conditions, and the results are illustrated in 
Fig. 6. All green-synthesized AgNPs exhibited interesting larvicidal 

Fig. 2. TEM micrographs of green-synthesized AgNPs from LI-MU (A), OC-GR (B) and TE-RI (C). D, E and F represent particles size distribution of LI-MU, OC-GR, and 
TE-RI respetively.
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activity in a dose-dependent manner. Among them, dispersion of AgNPs 
derived from LI-MU demonstrated the highest efficacy, achieving 100% 

mortality at 85 ppm and 100 ppm against Anopheles gambiae (Kisumu 
strain) and Anopheles gambiae (wild strain), respectively. This potent 
activity can be attributed to the synergistic effects of silver nanoparticles 

Fig. 3. EDX spectra of green synthesized AgNPs using LI-MU, OC-GR and TE-RI.

Fig. 4. FTIR spectra of the green-synthesized AgNPs using OC-GR, LI-MU and 
TE-RI.

Fig. 5. XRD Spectra of biosynthetized AgNPs using TE-RI, OC-GR and LI-MU.
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and the secondary metabolites involved in the bioreduction process of 
silver ions, which acted as both reducing and capping agents. Previous 
studies have reported that secondary metabolites, such as terpenes and 
flavonoids, possess intrinsic larvicidal properties, enhancing silver 
nanoparticle's efficacy [45].

In addition to this synergy, the larvicidal activity of AgNPs also de
pends on their physicochemical characteristics, including size and shape 
[18]. Due to their small size and large surface area, nanoparticles can 
penetrate the insect cuticle more efficiently, interact with organelles, 
and disrupt physiological processes. Hazaa et al. [19] suggested that 
AgNPs act by denaturing sulfur or phosphorus bridges in desoxy
ribonucleic acid (DNA), leading to the dysfunction of organelles and 
enzymes, ultimately resulting in larval death.

For suspension of AgNPs synthesized from OC-GR, potent larvicidal 
activity was observed at 400 ppm and 300 ppm against Anopheles gam
biae (Kisumu strain) and Anopheles gambiae (wild strain), respectively. 
Interestingly, the wild strain required higher concentrations for effective 
control compared to the Kisumu strain. This discrepancy may be 
explained by the reduced sensitivity to larvicide agents following the 
acquisition of resistance through horizontal gene transfer among mos
quito larvae cohabiting in stagnant water [27,33]. Resistance mecha
nisms, such as the overproduction of esterase enzymes and the 
acquisition of the Kdr gene, which reduces sensitivity to larvicidal 
agents, have been implicated in larval resistance to chemical products 
[25].

Dispersion of AgNPs synthesized from TE-RI showed improved lar
vicidal activity compared to the aqueous extract of TE-RI alone, 
achieving 100% mortality at 100 ppm and 95.0% mortality at 200 ppm 
against Anopheles gambiae (Kisumu strain) and Anopheles gambiae (wild 
strain), respectively. Comparable results have been reported by Amar
asinghe et al. [6] in a study involving AgNPs biosynthesized from 
Annona glabra. These findings highlight the potential of 
green-synthesized AgNPs as an effective ecological approach to 

controlling mosquito larvae and reducing the transmission of MBDs.
Although green-synthesized AgNPs from these three plants showed 

interesting larvicidal activity, the low aqueous solubility of AgNPs may 
also constitute a limit to their effectiveness [39,48]. To overcome this 
limit, Alshehri et al., [5] reported that chitosan encapsulated AgNPs 
represent an alternative for improving water solubility and, therefore, 
larvicidal activity. In addition, others formulation strategies (e.g. soni
cation, etc.) can be developed for the improvement of low aqueous 
solubility of AgNPs and, consequently, their effectiveness.

These results demonstrate that AgNPs synthesized using green 
chemistry principles exhibit significant larvicidal activity against 
Anopheles gambiae. Comparative analysis reveals that these AgNPs can 
achieve comparable or superior efficacy to several commercially avail
able chemical larvicides (e.g. temephos, permethrin) [6,30,44]. For 
instance, in our assays, AgNPs showed a mortality rate of over 90% at 
concentrations as low as 50 ppm within 24 h (Fig. 6A), which is 
consistent with or exceeds the performance of widely used chemical 
larvicides under similar conditions [6,30,44].

Safety is a crucial consideration where green-synthesized AgNPs 
offer significant advantages over traditional chemical approaches. Un
like conventional larvicides, which often contain toxic compounds 
harmful to non-target species and are associated with ecological dis
turbances, green-synthesized AgNPs are designed to minimize environ
mental impact [32]. Toxicity assessments on non-target aquatic 
organisms such as Daphnia magna, Danio rerio, and Chironomus riparius 
have consistently demonstrated minimal adverse effects at concentra
tions effective against mosquito larvae [13,22,37].

Although the current study focused primarily on larvicidal efficacy, a 
growing body of evidence underscores the environmental safety and 
human biocompatibility of plant mediated AgNPs [34,42]. Notably, 
green synthesis methods using aqueous extracts of medicinal plants 
avoid harmful solvents and substantially reduce ecological footprints 
compared to chemically synthesized insecticides [32]. Moreover, the 
phytochemical coatings that form during green synthesis confer 
biocompatibility and enhance selectivity, enabling the AgNPs to target 
mosquito vectors while sparing beneficial aquatic organisms [32].

Despite these promising findings, it remains essential to conduct 
comprehensive, large-scale environmental studies to evaluate the long- 
term ecological impact of green-synthesized AgNPs. Such research will 
be critical in validating their safety for widespread use, particularly in 
ecologically sensitive and human-inhabited areas. Ultimately, these ef
forts will support the integration of green AgNPs into sustainable, eco- 
friendly pest management programs that prioritize both efficacy and 
environmental stewardship.

3.3. Repellence assay

The landing of 10 mosquitoes on the forearm of a test subject was 
observed within 3 s. This observation confirmed the mosquitoes' 
viability and their interest in blood meals, thereby validating the 
method. For this test, only the AgNPs synthesized from LI-MU and OC- 
GR were selected. These plants were chosen because their aqueous ex
tracts have demonstrated promising larvicidal activity against the larvae 
of wild Anopheles gambiae.

The results of the repellence assay clearly demonstrated that all 
creams loaded with AgNPs provided effective repellent activity against 
Anopheles gambiae. As illusrated in Fig. 7, the landing rate of samples 
containing AgNPs decreased as their concentrations increased. Formu
lations F1, F2, and F3 exhibited respectively landing rates of 50.9, 20.7 
and 18.7 while the DEET and the cream without AgNPs showed no 
landing and a maximum of landing respectively. Similarly, formulations 
F4, F5 and F6 showed the landing rate of 43.4, 20.2, and 17.7 respec
tively. These outcomes are similar to previous studies on the use of 
AgNPs derivated from plant extracts as mosquito repellent [2].

Regarding the repellent percentage, F1, F2, and F3 showed repulsion 
rates of 32%, 72%, and 75%, respectively, indicating a substantial dose- 

Fig. 6. Larvicidal activity of AgNPs derivated from LI-MU, OC-GR, TE-RI 
against third and fourth instar larvae of Anopheles gambiae Kisumu strain (A) 
and Wild strain (B). Data are expressed as mean of percentage (n = 3). 
Comparative analysis was performed by Two-way ANOVA followed by Tukey’s 
test. **p < 0.01; ***p < 0.001 and ****p < 0.0001) and ns for no signifi
cant difference.
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dependent response. Similarly, creams formulated with AgNPs from OC- 
GR at concentrations of 5% (F4), 10% (F5), and 20% (F6) exhibited 
repellent activity that increase as the concentrations of AgNPs rose. This 
dose dependency can be attributed to the biological activity of AgNPs 
and the secondary metabolites capped on their surface, which are known 
to disrupt mosquito sensory mechanisms and deter landing or feeding 
[2].

The most notable result was observed with formulation F7, which 
combined AgNPs from LI-MU and OC-GR. This formulation achieved an 
85% repellent efficiency, suggesting a significant synergistic effect be
tween the two types of AgNPs. The enhanced repellent activity is 
consistent with findings from previous studies, which reported that the 
combination of plant-based AgNPs can amplify their bioactivity through 
complementary mechanisms of action [2,15]. Specifically, the second
ary metabolites in LI-MU and OC-GR extracts likely work in tandem with 
silver ions, enhancing the stability and biological activity of the nano
particles. This synergy has important implications for the development 
of more effective plant-based repellents. By leveraging the combined 
action of multiple plant extracts, it may be possible to reduce the con
centration of silver required, thereby lowering production costs and 
minimizing environmental concerns associated with nanoparticle use. 
Moreover, such formulations can provide a dual-action mechanism: 
repelling mosquitoes while also exhibiting larvicidal effects, as seen in 
other parts of the study. This dual functionality makes these formula
tions particularly valuable in regions where mosquito populations have 
developed resistance to conventional chemical repellents and larvicides. 
Although F7 showed an interesting repellent activity, the difference 
remains significant (p < 0.0001) when comparing with the reference 
repellent (DEET). To overcome this difference, we hypothesized that 
increasing the amount of each AgNPs in F7 could be a good strategy. 
Nevertheless, further in-depth studies will need to be carried out to 
confirm this hypothesis.

The practical application of these findings is highly relevant for 
tropical and malaria-endemic regions, where MBDs remain a significant 
public health challenge. Unlike chemical repellents such as DEET, which 
raise concerns about toxicity and environmental persistence, these 
plants based AgNPs formulations offer a safer and more sustainable 
alternative. Additionally, the use of locally sourced plant extracts like LI- 
MU and OC-GR can promote cost-effective and community-driven pro
duction methods, fostering local engagement in public health initiatives. 
However, while the results are promising, there are still critical con
siderations that must be addressed before these formulations can be 
widely implemented.

Beyond their demonstrated environmental compatibility, the 
biosafety of green-synthesized AgNPs has also been increasingly sup
ported by in vivo evidence from mammalian models. Studies involving 
biosynthesized AgNPs derived from Psidium guajava and Azadirachta 
indica have reported negligible histopathological alterations and low 
systemic toxicity at concentrations effective for mosquito control [4,46]. 

Moreover, dermal safety assessments including patch testing and lymph 
node stimulation assays have further confirmed their non-irritant and 
non-sensitizing properties, reinforcing their potential for use in topical 
repellent formulations [20]. Despite these promising findings, long-term 
toxicity evaluations remain essential, particularly concerning chronic 
exposure, dermal absorption, and potential effects on reproductive 
health. A comprehensive understanding of these parameters is crucial to 
ensure the safe integration of plant-mediated AgNPs into public health 
interventions.

3.4. Molecular docking-AnoACE2 protein

Molecular docking was conducted to evaluate the molecular in
teractions between the phytochemical compounds of LI-MU, OC-GR, and 
TE-RI and the AnoACE2 protein of Anopheles gambiae. AnoACE2 is a 
peptidase highly expressed in several tissues, including the reproductive 
tissues, midgut, and trachea of larvae and adult mosquitoes. The 
angiotensin-converting enzyme (ACE) in insects differs significantly 
from that in mammals, in substrate specificity and susceptibility to 
infection. These differences make ACE an attractive target for the 
development of larvicidal compounds. Since ACE operates effectively in 
soluble media and interacts specifically with plant-derived aqueous 
extracts, it provides an excellent framework for molecular docking 
studies [43].

Out of 41 identified ligands, 22 demonstrated lower binding energies 
to AnoACE2 compared to the reference molecule Fosinoprilat, which 
showed a binding energy of − 8.4 kcal/mol, as summarized in Table 2
and Supplemental Table 1. Among these, Isoverbascoside from LI-MU 
exhibited the lowest binding energy, indicating the strongest interac
tion with the target protein. These results correlate well with the in vitro 
findings, which showed the highest larvicidal activity for AgNPs syn
thesized using LI-MU. Molecular docking interaction models of the 
ligand-protein complexes are illustrated in Fig. 8 and Supplemental 
Figure 1. Interactions such as conventional hydrogen bonding, carbon- 
hydrogen bonding, attractive charge interactions, Van der Waals 
forces, and various π-based interactions (π-Alkyl, π-π stacked, π-Cation, 
π-Anion, π-Sigma, and π-π shaped interactions) were observed between 
the ligands and the amino acid residues of AnoACE2. These interactions 
appear to favour the binding of the phytochemical compounds to the 
target protein [31].

For each ligand-protein complex, nine conformers were generated, 
but only the conformer with the lowest binding energy was selected as 
the most effective molecule. Compared to others studied, the low 
binding energy values observed for these ligands suggest stable in
teractions and significant inhibition of AnoACE2 activity. Given that 
AnoACE2 is known to play a critical role in the growth and development 

Fig. 7. Landing rate and repulsion percentage of creams containing with green- 
synthesized AgNPs from LI-MU and OC-GR. Data are expressed as mean of 
percentage (n = 4). Comparative analysis was performed by Two-way ANOVA 
followed by Sidak’s test. **p < 0.01 and ****p < 0.0001) and ns for no sig
nificant difference.

Table 2 
Binding energy in Kcal/mol and amino acid residues and of the phytochemicals 
of LI-MU, OC-GR, TE-RI.

Plants/ 
standard 
molecule

Phytochemicals Binding 
energy Kcal/ 
mol

Amino acid residues

Lippia 
multiflora

Isoverbascoside -11.4 GLN 281, ASP 284, LYS 
454, PHE 379, ARG 376

Verbascoside -10.9 GLN 281, ASP 284, LYS 
454, ASP 162, GLU 377, 
VAL 380, ASP 415

Ocimum 
gratissimum

Cephalin -10.4 ASP 415, ASP 162, VAL 
380, PHE 379, PHE 457, 
ARG 376

Nepitrin -10.4 SER 418, PHE 379, ASP 
162, VAL 380, ALA 354, 
GLU 377

Tetradenia 
riparia

6,7- 
Dehydroroyleanone

-9.3 TYR 527, ASP 415

Diterpendiol -8.8 GLN 281, PHE 457, LYS 
454, PHE 379, VAL 380
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of Anopheles gambiae, its inhibition is a promising mechanism for larvi
cidal activity [31]. These findings confirm that green-synthesized AgNPs 
from the three Congolese plants exert their larvicidal effects, at least in 
part, by inhibiting AnoACE2. This study highlights the potential of these 
nanoparticles as an effective ecological tool for mosquito control.

The phytochemicals from LI-MU demonstrated the strongest binding 
affinities among the tested compounds, with Isoverbascoside emerging 
as the top-performing ligand, exhibiting a binding energy of − 11.4 kcal/ 
mol. This significantly surpasses the binding energy of Fosinoprilat 
(-8.4 kcal/mol), a known ACE inhibitor. Isoverbascoside formed stable 
interactions with key residues such as GLN 281, ASP 284, LYS 454, PHE 
379, and ARG 376, suggesting a highly favorable ligand-protein com
plex. Other notable compounds from LI-MU, such as Verbascoside 
(-10.9 kcal/mol), Leucoseptoside (-10.3 kcal/mol), and Nuomioside 
(-9.3 kcal/mol), also exhibited strong binding affinities and interacted 
with crucial residues like ASP 415 and TYR 527. These interactions are 
essential for the inhibition of AnoACE2 activity, which is known to 
disrupt physiological processes critical for larval growth and survival. 
The presence of multiple high-affinity ligands in LI-MU aligns with its 
superior in vitro larvicidal activity, as these compounds collectively 
enhance the efficacy of LI-MU-derived AgNPs.

The phytochemicals from OC-GR displayed a broader range of 
binding affinities, with Nepitrin (-10.4 kcal/mol) and Cephalin 
(-10.4 kcal/mol) standing out as the most effective ligands. These 
compounds formed stable interactions with key residues such as ASP 
415, PHE 379, VAL 380, and ARG 376, which are crucial for AnoACE2 
inhibition. Interestingly, other compounds such as asiatic acid 

(-10.2 kcal/mol) and benthamic acid (-10.0 kcal/mol) also exhibited 
strong binding affinities, further reinforcing the potential of OC-GR as a 
source of bioactive compounds. However, some phytochemicals like 
Hyperoside (9.5 kcal/mol) and Catechin (8.5 kcal/mol) displayed weak 
or positive binding energies, indicating limited or unfavorable in
teractions with the target protein. This variability reflects the diverse 
chemical composition of OC-GR and suggests that only specific com
pounds contribute significantly to its larvicidal activity. The moderate 
efficacy of OC-GR-derived AgNPs observed in vitro can be attributed to 
the combined effects of its high-affinity ligands, despite the presence of 
less effective compounds.

Phytochemicals from TE-RI, including 6,7-Dehydroroyleanone 
(-9.3 kcal/mol) and Diterpendiol (-8.8 kcal/mol), exhibited moderate 
binding affinities compared to the top-performing ligands from LI-MU 
and OC-GR. These compounds interacted with residues such as TYR 
527, ASP 415, LYS 454, and PHE 379, which are involved in the 
inhibiting of AnoACE2 activity. Although their binding energies are 
relatively lower, these interactions still contribute to the larvicidal ac
tivity of TE-RI-derived AgNPs. The in vitro results for TE-RI align with 
these findings, as its AgNPs displayed moderate to strong larvicidal ac
tivity. The phytochemical composition of TE-RI appears to enhance the 
efficacy of its AgNPs, though its overall performance is slightly inferior 
to that of LI-MU-derived AgNPs.

Fosinoprilat, a known ACE inhibitor, exhibited a binding energy of 
− 8.4 kcal/mol, interacting with residues ASN 277, VAL 380, and ARG 
376. While effective, its binding energy and interaction profile were 
surpassed by several phytochemicals, particularly Isoverbascoside, 

Fig. 8. Molecular interaction between phytochemical compounds from LI-MU, OC-GR, TE-RI and AnoACE2 receptor. a) Isoverbascoside b) Verbascoside c) 6,7-Dehy
droroyleanone d) Diterpendiol e) Cephalin f) Nepitrin.
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Verbascoside, and Nepitrin. This suggests that these phytochemicals 
may act as more potent inhibitors of AnoACE2 than Fosinoprilat, high
lighting their potential as natural larvicidal agents.

The strong binding affinities observed for certain phytochemicals, 
particularly Isoverbascoside and Verbascoside, indicate their potential 
to inhibit AnoACE2 activity effectively. This inhibition disrupts physi
ological processes such as digestion and nutrient absorption in mosquito 
larvae, ultimately leading to their death. The interactions observed in 
the molecular docking study, including hydrogen bonding, Van der 
Waals forces, and various π-based interactions, contribute to the stability 
and specificity of the ligand-protein complexes. Moreover, the differ
ences in binding energies and interaction profiles among the tested 
phytochemicals can be attributed to their distinct chemical structures 
and functional groups [8,21]. Compounds with multiple hydroxyl and 
phenolic groups, such as Isoverbascoside and Verbascoside, are likely to 
form stronger interactions with the target protein, enhancing their 
inhibitory potential [8,21].

The molecular docking results strongly correlate with the in vitro 
larvicidal activity observed for AgNPs synthesised using these plant 
extracts. The superior performance of LI-MU-derived AgNPs can be 
attributed to high-affinity ligands like Isoverbascoside and Verbasco
side, which enhance their efficacy. Similarly, the moderate efficacy of 
TE-RI and OC-GR-derived AgNPs reflects the presence of lower-affinity 
ligands, contributing to their overall activity. These findings highlight 
the importance of green-synthesised AgNPs as ecological tools for 
mosquito control. Green nanotechnology offers a sustainable and 
effective alternative to chemical larvicides by leveraging the natural 
bioactivity of plant-derived secondary metabolites. The ability of these 
phytochemicals to target AnoACE2, a key protein in mosquito physi
ology, further underscores their potential as larvicidal agents. The mo
lecular docking study provides valuable insights into the mechanisms 
underlying the larvicidal activity of green-synthesized AgNPs. The 
strong binding affinities observed for several phytochemicals, particu
larly from LI-MU, demonstrate their potential to inhibit AnoACE2 ac
tivity effectively. These findings support using green-synthesized AgNPs 
as a sustainable approach to controlling mosquito populations and 
reducing the transmission of MBDs.

4. Future perspectives

Building upon the promising findings of this study, future research 
will adopt a comprehensive, multi-faceted approach to elucidate the 
precise mechanisms of action of green-synthesized AgNPs in vector 
control. Detailed in vitro and in vivo comparative studies will be under
taken to distinguish the individual and synergistic contributions of 
metallic silver and phytochemical capping agents compared to whole 
plant extracts and chemically synthesized AgNPs in mediating both 
larvicidal and angiotensin-converting enzyme (ACE) inhibitory activ
ities. These investigations will be essential to confirm molecular docking 
predictions, which have previously demonstrated strong correlations 
with experimental outcomes in studies of ACE inhibitors [36,47].

Additionally, advanced phytochemical profiling techniques such as 
High-Performance Liquid Chromatography (HPLC), Liquid Chromatog
raphy–Mass Spectrometry/Mass Spectrometry (LC-MS/MS), and Nu
clear Magnetic Resonance (NMR) spectroscopy will be employed to 
isolate, identify, and quantify key bioactive constituents from both the 
original Congolese plant extracts and the surfaces of the resulting 
nanoparticles. This analytical strategy will provide deeper insight into 
the fate, structural transformation, and biological relevance of phyto
chemicals during nanoparticle synthesis. Moreover, it will account for 
the influence of seasonal and geographical variability on phytochemical 
composition of the plants, ultimately contributing to the design of more 
consistent and effective nanoparticle-based formulations for sustainable 
vector control.

5. Conclusion

This study highlights the potential of green-synthesized AgNPs 
derived from LI-MU, OC-GR, and TE-RI as effective larvicidal agents 
against Anopheles gambiae. The AgNPs exhibited dose-dependent larvi
cidal activity, with those derived from LI-MU showing the highest effi
cacy, achieving 100% mortality at lower concentrations than OC-GR- 
and TE-RI-derived AgNPs. The superior performance of LI-MU-derived 
AgNPs is attributed to the strong binding affinities of its phytochemi
cals, such as Isoverbascoside and Verbascoside, to the AnoACE2 protein, 
as demonstrated by molecular docking studies. These studies revealed 
that secondary metabolites functioned as reducing and capping agents 
during AgNP synthesis, significantly enhancing their larvicidal activity 
by inhibiting AnoACE2. Interactions between the phytochemicals and 
key amino acid residues, including GLN 281, ASP 284, and LYS 454, 
were critical in stabilizing the ligand-protein complexes and disrupting 
mosquito physiological processes. Additionally, oil-in-water creams 
loaded with AgNPs from LI-MU and TE-RI demonstrated an impressive 
repellent activity of 85%, suggesting a synergistic effect between AgNPs 
and the secondary metabolites capping them. This synergy enhanced the 
efficacy of the formulations and underscored the importance of the 
nanoparticle size and shape in improving penetration and activity 
against mosquito targets.

The findings provide compelling evidence that green nanotech
nology, harnessing the natural bioactivity of plant-derived secondary 
metabolites, offers a sustainable and eco-friendly alternative to con
ventional chemical larvicides and repellents. By targeting specific 
mosquito proteins like AnoACE2, green-synthesized AgNPs present an 
innovative approach to mosquito control, reducing risks associated with 
insecticide resistance and environmental toxicity. Future research 
should focus on scaling up the synthesis process, evaluating the long- 
term environmental and ecological impacts of AgNPs, and testing their 
efficacy against other mosquito species and MBDs. These findings pave 
the way for incorporating green-synthesized AgNPs into integrated 
mosquito management programs, significantly contributing to global 
efforts to combat malaria and other MBDs.
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Investigation, Formal analysis, methodology, Clément M. Tshimanga: 
Investigation, Formal analysis, methodology, Data curation, Justin B. 
Safari: Investigation, Formal analysis, methodology, Data curation, 
Bénédicte K. Baraka: Formal analysis, methodology, Data curation, 
Victoire Nsabatien: Data curation, investigation, Josué Zanga: Data 
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