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The unique properties of chemical nanoparticles are in high
demand across various industries, both new and established. Tradi-
tional chemical methods for synthesizing nanoparticles have seen
limited success, leading to a shift towards biological approaches
to address several challenges [7]. Consequently, bioreduction
methods have gained prominence as an innovative technology
for nanoparticle synthesis, addressing the limitations of conven-
tional chemical methods like particle formation, monodispersity,
and thermodynamic stability [8]. Moreover, bioreduction through
green chemistry processes offers an environmentally friendly and
safer alternative to traditional methods [9]. Biological sources such
as marine algae have been recognized for catalyzing specific reac-
tions, marking them as practical components of modern biosyn-
thetic strategies [10]. These biological methods provide a greener
alternative to non-biological techniques involving ultraviolet
radiation, lithography, laser ablation, ultrasonic fields, and photo-

1. Introduction 

Antibacterial resistance poses a significant global threat to pub-
lic health and the economy as it considerably lowers the likelihood 
of effectively treating infections, thereby increasing the morbidity 
and mortality associated with bacterial diseases [1]. Between sixty 
and eighty percent of all bacterial infections in humans stem from 
bacteria that form biofilms, while the remainder exists in a plank-
tonic state [2]. Microbial biofilms consist of bacterial consortia that 
colonize surfaces and are embedded within a self-produced matrix, 
primarily composed of extracellular polymeric substances. These 
biofilms form irreversible attachments to various surfaces, includ-
ing living tissues and medical implants such as catheters, valves, 
and prostheses [3]. Biofilm formation enhances bacterial resistance 
to harsh environmental factors, such as nutrient fluctuations, 
changes in oxygen levels, pH, and temperature, as well as to 
antibacterial agents [4]. Regrettably, increasing the dosage of 
antibiotics can lead to severe unintended health risks by promot-
ing the spread of multidrug-resistant bacteria, exacerbating public 
health challenges. Given this context, the pursuit of effective drug 
compounds has become critically important, as exemplified by 
research on leprosy treatments [5]. The rise in biofilm resistance 
to traditional antibiotics underscores the urgency to develop new 
strategies for treating infections linked to both biofilms and resis-
tant bacteria. In recent times, leveraging nanotechnology has 
become a primary focus in the innovation of new antibacterial 
solutions [6]. 
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chemical reduction. The use of marine natural products in the syn-
thesis of metallic nanoparticles opens extensive applications in
nanotechnology. Biogenic synthesis of nanoparticles is favored
over chemical methods, as it does not require the use of energy,
high temperatures, high pressure, or toxic chemicals [11]. Marine
macroalgae contain a diverse array of chemicals, including flavo-
noids, alkaloids, steroids, phenols, polysaccharides, saponins, and
functional groups such as hydroxyl, carboxyl, and amino. These
components act as effective metal-reducing and capping agents,
providing a robust single-step coating on metal nanoparticles
[12]. The capacity of marine macroalgae to endure severe atmo-
spheric conditions better than other microorganisms is another
noteworthy characteristic [13]. Algae are referred to as
‘‘bionanofactories” because they use both their dried dead biomass
and live biomass in the creation of nanoparticles [14]. Marine algae
are widely distributed. It is estimated that there are 1460 million
tons of brown and 261 million tons of red seaweed resources
worldwide. The total yearly output of seaweed is projected to be
17.21 million tons of wet weight [15]. The genus Hypnea, belonging
to the family Cystocloniaceae and order Gigartinales, is prevalent in
warm and temperate seas. Species such as Hypnea musciformis,
Hypnea pannosa, and Hypnea valentiae are notable sources of both
agar and carrageenan, valuable hydrocolloids used in various
industries [16]. Historically, silver (Ag) has been employed in var-
ious applications such as wound healing using silver plates, treat-
ing ulcers, and as a 1% AgNO3 solution for neonatal eye infections
[17]. While silver is an excellent conductor of electricity, its high
cost limits its usage in the electrical industry. Nevertheless, AgNO3

play a significant and highly effective role due to their unique ther-
mal, optical, electrical, and biocidal properties [18].

Due to their potent biocidal activity, silver nanoparticles are 
increasingly used in the medical field to target pathogenic 
microbes that have developed resistance to multiple antibiotics, 
which has become a significant and growing public health concern. 
It is crucial, therefore, to develop new techniques to control patho-
genic microbes [19]. AgNO3 can inhibit bacterial growth by inter-
acting with the bacterial cell wall, disrupting it, and thereby 
hindering protein synthesis, leading to cell death [20]. AgNO3 syn-
thesized by algae are particularly effective due to their hydrophilic 
surface groups such as sulfate, carboxyl, and hydroxyl, enhancing 
their medical applicability. Algae are advantageous as they do 
not produce any toxic or harmful substances during this process 
[21]. The bio-reduction of metal ions to nanoparticles takes place
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extracellularly on the algal cell surface, while intracellularly, it 
occurs through enzymatic activity within the cell wall and mem-
brane [22]. 

The significance that mosquitoes play in the spread of illness 
makes them a serious worldwide health problem. Around 51 mil-
lion cases of lymphatic filariasis are thought to have been caused 
by the Culex species, which is particularly common in urban and 
semi-urban areas of Africa and Asia [23]. In Egypt, Culex pipiens is 
widespread and transmits several pathogens including the Rift Val-
ley fever virus, Washeteria bancroftian, and the West Nile virus [24]. 
Recent studies have also explored the potential for transmitting 
the hepatitis C virus via mosquitoes [25]. 

Controlling mosquitoes is crucial to curtail the spread of these 
diseases and protect public health. Traditional mosquito control 
strategies predominantly involve synthetic insecticides like 
organochlorines and organophosphates, but these have often fallen 
short due to human, environmental, and economic concerns [26]. 
Consequently, there is a growing interest in natural alternatives, 
including plant and marine products [23,27,28], for more sustain-
able insect control. The synthesis of nanoparticles from natural 
sources presents a promising approach due to its eco-friendly 
advantages, safety, and cost-effectiveness [29]. 

The multifunctional properties of AgNPs made using H. pannosa 
extracts are investigated in this work. These biosynthesized AgNPs’ 
physicochemical characteristics were examined utilizing a variety 
of methods, such as zeta potential tests, UV–vis spectroscopy, 
XRD, TEM, DLS, and FTIR. The biological activities of the AgNPs 
were also investigated in this work, with an emphasis on their 
antibacterial activity against both Gram-positive and Gram-
negative. Additionally, these biosynthesized AgNPs were evaluated 
for their larvicidal and adulticidal properties against the C. pipiens 
mosquito, indicating their potential for use in public health 
applications. 
2. Materials and methods 

2.1. Chemicals 

Hi Media, a company based in Cairo, Egypt, provided all the 
scientific-grade chemicals and reagents utilized in the current 
investigation. Every experimental technique was conducted using 
freshly made double-distilled water. 

2.2. Collection of red alga 

H. pannosa, the red alga, was collected in the Red Sea from a 
depth of 1 to 10 m in Dahab city, which is situated in the Gulf of 
Aqaba. The algal samples were collected and then brought in plas-
tic bags to the lab. The samples were thoroughly cleaned in the lab 
using running tap water to get rid of epiphytes, sea salt, and other 
impurities. After allowing the alga to dry naturally at room tem-
perature, they were blended into a powder using an electric 
blender. 

2.2.1. Preparation of the red alga extract 
With minor adjustments, the preparation technique was modi-

fied from an earlier documented process [30]. Two grams of the 
powdered algae were weighed and added to one hundred millili-
ters of deionized water for the extraction procedure. After that, this 
combination was heated for 30 min at 80°C in a water bath. The 
extracts were boiled and then allowed to cool to ambient temper-
ature before being filtered using Whatman filter paper. These 
extracts were kept for future use at 4°C because they include sub-
stances that function as both stabilizing and reducing agents. 
56
2.2.2. Ecofriendly synthesis of AgNP 
A 45 mL solution containing 1 mM of silver nitrate was made. 

Five milliliters of the algal extract were added to this mixture grad-
ually while it was left at room temperature and constantly stirred. 
The solution’s hue first became a faint pink throughout this phase. 
The hue intensified to dark brown after a further 24–48 h of incu-
bation, signifying the creation of AgNP [30]. 

2.3. Characterization 

2.3.1. UV–visible spectroscopy 
The UV–visible spectroscopy spectrum was recorded using a 

JASCO V-630 spectrometer. The sample was diluted in deionized 
water, and the absorbance was measured over a wavelength range 
of 200–800 nm using quartz cuvettes with a 1 cm optical path. 
Deionized water filled in a quartz cuvette served as the reference. 
The scanning speed was set at 500 nm/min. 

2.3.2. Fourier transform infrared spectroscopy 
The biomolecules in the algal extract that are reducing Ag ions 

and capping the ensuing AgNPs were found using FTIR. An Agilent 
system Cary 660 FT-IR model was used for the analysis, which cov-
ered a 400–4000 cm−1 spectrum range. 

2.3.3. X-ray diffraction 
A Philips X’Pert Pro X-ray diffractometer located in Eindhoven, 

the Netherlands, was used to evaluate the crystallinity of the 
biosynthesized AgNPs. The investigation was conducted across a 
2h range of 4–80° at 40 kV of voltage and 30 mA of current. The 
Debye-Scherrer equation [31] was utilized to compute the mean 
size of the nanoparticle. 

[32] 

Where D is the mean particle size, K is the Scherrer’s constant 
and is equal to 0.9, k is X-ray wavelength, b is the half of the max-
imum intensity, and h is the Bragg’s angle. 

2.3.4. Transmission electron microscopy and dynamic light scattering 
TEM analysis was conducted with a JEOL 1010 microscope oper-

ated at 200 kV. A drop of the nanoparticle solution was placed on a 
carbon-coated copper grid to dry before examination. DLS mea-
surements were performed to assess the size distribution and 
homogeneity of the biosynthesized AgNPs in colloidal solutions. 
The analysis was done using a Zetasizer Nano ZN, Malvern Analyt-
ical Ltd., Malvern, UK, at a constant temperature of 25°C and a scat-
tering angle of 173°. DLS analysis also provided the polydispersity 
index (PDI) of the solutions [33]. 

2.3.5. Zeta potential 
The stability and cohesion of the colloidal nanoparticles were 

investigated via zeta potential analysis using a Zetasizer Nano-
series (Nano ZS), Malvern, UK. The nanoparticles were resuspended 
in distilled water for this measurement, providing insights into the 
colloidal stability through the magnitude of the zeta potential [34]. 

3. GC–MS assay 

The components of the algal extract were analyzed, quantified, 
and identified using gas chromatography-mass spectrometry (GC– 
MS). By comparing the spectra of the detected compounds with 
those in the NIST 11 and WILEY 09 (Wiley, New York, NY, USA) 
databases, the compounds’ properties were ascertained. These 
components’ molecular weights and chemical characteristics were 
also recorded, giving rise to a comprehensive compositional profile 
of the extract [35].

D Kk bCos h 
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4. Molecular docking 

The Gaussian 09 software’s output was used to construct the 
material structures in PDB file format. Gyrase B (PDB ID: 4uro) 
and GST (PDB ID: 1PN9) crystal structures were obtained from 
the protein data bank (https://www.rcsb.org). The MOE 2015 pro-
gram was used to carry out molecular docking investigations. 

5. Antimicrobial activity 

5.1. Test organisms 

Four strains of bacterial human pathogens were isolated: Acine-
tobacter baumannii, Klebsiella pneumoniae, Staphylococcus aureus, 
and Staphylococcus epidermidis. These infections were identified 
mainly by biochemical analysis, morphological inspection, and cul-
ture, all in accordance with the guidelines provided in Bergey’s 
Manual of Determinative Bacteriology [36]. 

5.1.1. In vitro antimicrobial activity 
Using the agar well diffusion method, an in vitro antibacterial 

study was performed against four harmful bacteria: S. aureus, S. 
epidermidis, K. pneumoniae, and A. baumannii. The pathogens were 
cultured in nutrient broth. Overnight cultures were produced for 
the experiments to reach a 1.5 × 106 CFU/mL cell density. 
Mueller-Hinton agar [37] was sterilized and then added to petri 
plates and let dry. 

Using sterile cotton swabs, new cultures of the four pathogens 
that had grown overnight were applied to the solidified agar. Next, 
a sterile borer was used to make wells in the agar. In each well, 
100 lL of 4000 lg/mL of AgNPs were added, and distilled water 
was added to the control well [38]. As an additional positive con-
trol, a conventional antibiotic disc (cefuroxime) was manually 
put on the petri plate. Overnight, the plates were incubated at 
37°C. The next day, inhibition zones surrounding the wells were 
observed to determine whether the therapy was successful [39]. 

5.1.2. Preparation of resazurin solution 
Using a vortex mixer, 0.002 g of resazurin salt powder was dis-

solved in 10 mL of distilled water to prepare the solution. The 
resulting mixture was filtered through a 0.2 lm Millipore mem-
brane filter to ensure sterility and remove any particulate matter. 
The filtered solution was then stored at 4°C for 15 d to maintain 
its stability, as described by Mekky et al. [40]. 

5.1.3. Determination of minimum inhibitory concentration (MIC) for 
bacteria 

The procedure described in the guideline [41] was used to cal-
culate the MIC. The experiment was carried out using the conven-
tional broth microbiological dilution method in a 96-well round 
bottom microtiter plate. A 1.5 × 106 CFU/mL inoculum concentra-
tion was used. 

In order to conduct the microtiter plate MIC test, 100 lL 
1000 lg/mL of the AgNPs stock solution was first added to the 
fourth column. Next, the bacterial inoculum was serially diluted 
twice in 100 lL of Mueller Hinton Broth (MHB), which was added 
from the fourth to the twelfth column. AgNP concentrations ranged 
from the greatest in the fourth column to the lowest in the twelfth 
column. With both cultures and mediums present, the first column 
functioned as a positive control, and the second column, which 
contained just medium, acted as a negative control [42]. After that, 
30 lL of resazurin solution was added to each well of the micro-
plate, and it was incubated for 24 h at 37°C. The color change in 
the wells was used to observe the findings; a blue or purple hue 
indicated no bacterial development, whereas a pink or colorless 
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tint showed bacterial growth. The AgNPs’ colorimetric shift makes 
it simple to determine the degree of bacterial suppression. 

5.1.4. Determination of minimum bactericidal concentrations (MBCs) 
Using a macro broth dilution experiment, as previously 

described in the CRyPTIC Consortium [41], different modifications 
were made to assess the MBCs of AgNPs against the tested patho-
genic isolates. AgNPs were present in the medium used to develop 
cultures. To find the MBCs, two-fold dilutions of AgNPs at different 
concentrations (from 1000 to 2.0 lg/mL) were made for the treat-
ment. The overnight-grown cultures from every concentration 
were streaked onto agar plates after treatment. Finding the MBCs 
(the lowest concentration of AgNPs at which no bacterial growth 
is seen on the agar plates, indicating that all the bacteria were 
killed) was a critical stage in the process. 
6. Determination of biofilm formation 

6.1. Microtiter plate method 

After being cultured for 18–24 h, the bacterial isolates were 
added to 0.5 McFarland standard suspensions. AgNPs were gener-
ated in a range of concentrations, from 32 lg/mL to 1 lg/mL, with a 
control group containing 0 lg/mL. Using tryptic soy broth (TSB), 
the bacterial cell concentrations were adjusted to 1.5 × 105 CFU/ 
mL. Following the inoculation, 200 lL aliquots containing the bac-
terial suspension were placed onto transparent plastic cell culture 
plates with covers that had a flat bottom. The plates were then 
incubated aerobically for 24 h at 37°C. All that was in the negative 
control wells was TSB. Each plate’s optical density (OD) at 620 nm 
was measured following incubation. Except for the negative con-
trols, all wells had OD values greater than 1. After discarding the 
liquid contents of the wells, 250 lL of sterile phosphate-buffered 
saline was used to wash each well three times. A total of 200 ll 
of 99% methanol was then used to fix the remaining clinging 
microorganisms. 

150 lL of 1% crystal violet was used to stain the fixed bacteria, 
and it was left at room temperature for 15 min. Excess pigment 
was removed from the surface using running tap water after color-
ing. The pigmented biofilms were resolubilized in 160 lL of 33% (v/ 
v) glacial acetic acid after the plates were allowed to dry air. To 
determine the degree of biofilm development, the OD of the resol-
ubilized biofilm solution was measured at 570 nm using a micro-
ELISA automated plate reader (Spectra max 250 Microplate Reader, 
Molecular Devices, Sunnyvale, CA, USA). To guarantee the accuracy 
and consistency of the findings, each experimental setup was car-
ried out three times [43]. 
7. Larvicidal activity 

In accordance with the World Health Organization methodol-
ogy [44], the larvicidal activity of the crude algal extract and the 
biosynthesized silver nanoparticles was assessed against the C. pip-
iens mosquito. Ten early third-instar mosquito larvae were col-
lected and put into 250 mL plastic cups with 125 mL of tap 
water (124 mL of water and 1 mL of the tested concentration). 
To compare the results with those of other nano-size extracts at 
concentrations of 200, 300, 400, 500, and 600 mg/L, algal extract 
was evaluated. AgNPs that had been synthesized were added in 
increments of 20, 40, 60, 80, and 100 mg/L. Three duplicates of 
each concentration were tested. Tests were conducted on the con-
trol group using the same settings (10 larvae in 125 mL tap water) 
for both extracts. The percentage of deaths was noted 24 h after 
therapy.

https://www.rcsb.org
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7.1. Adulticidal activity 

The World Health Organization’s bioassay tube method was 
used to determine adulticidal activity [23]. Ten female mosquitoes 
were taken from the colony and placed into a plastic tube (holding 
portion) for one hour. After that, they were carefully moved to the 
other side (exposure portion), which had Whatman filter paper No. 
1 (10 × 10 cm), which were coated with both crude and biosynthe-
sized silver nanoparticles. Papers treated with distilled water and 
silver nitrate were presented to the control group. In terms of lar-
vicidal activity, the adult was subjected to the same range of con-
centrations (in both algal extract and AgNPs). Following the 
exposure period, the mosquitoes were carefully placed back onto 
the holding section, where they had been for the previous 24 h, 
and given a cotton ball soaked in a 10% sucrose solution to place 
on top of the mesh net. Three duplicate tests were conducted on 
each concentration. Adult mortality was noted 24 h after exposure, 
and Finney’s [45] approach of employing probit analysis to deter-
mine the fatal amounts (LC50 and LC90) was used. 

8. Statistical analysis 

For every treatment, descriptive statistics such as mean and 
standard deviation (SD) were computed. Probit analysis was used 
to get the chi-square value, LC50, and LC90 at 95% confidence inter-
vals based on the mean larval mortality data. Using SPSS (Ver. 25), 
one-way analysis of variance, lower and upper confidence limits, 
and chi-square values were performed. Pairwise comparisons were 
performed using the LSD posthoc test. Treatments with silver 
nitrate showed little larval mortality. 

9. Results 

9.1. Synthesis and characterization of AgNPs 

The formation of AgNPs in the solution was indicated by a dark 
brown color change, with the appearance of a plasmon resonance 
Fig. 1. UV–visible spectrum of AgNPs sy
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peak at 420 nm (Fig. 1). The SPR band is established by the excita-
tion of free electrons, which is responsible for this broad peak in 
the visible spectrum. This excitation is made easier in metallic 
nanoparticles such as AgNPs by the closeness of the valence and 
conduction bands. The bioactive substances in H. pannosa mediate 
the reduction process of the Ag+ ions into Ag0 nanoparticles. In the 
manufacture of AgNPs, these chemicals serve as both stabilizing 
and reducing agents. The transformation typically occurs within 
a 24- to 48-h period, showcasing the effective role of H. pannosa 
extracts in facilitating the nanoparticle synthesis. 

9.2. FT-IR 

The FT-IR study conducted on the red algae extract provided 
detailed insights into the biomolecules responsible for the reduc-
tion of Ag+ ions to Ag0 , as depicted in Fig. 2. The analysis identified 
several distinct bands, each corresponding to different functional 
groups within the algal’s biochemical composition, crucial for the 
bioreduction process. Based on the analysis, the following bands 
were identified: CAH, C@C, and CAO; CAC stretching, CAOAC 
and CAOAH deformation vibrations of polysaccharides; CH2, enol, 
and amide groups; carboxyl groups; and the bands at 3222, 2925, 
2355, 1570, 1504, 1386, 1044, 830, 674, 616, and 464 cm─1 .

9.3. X-ray diffraction analysis 

XRD analysis confirmed the synthesis of AgNPs and crystalline 
structure was formed at 10°–60° theta ranges (Fig. 3). The XRD pat-
terns obtained were observed at values, 27.27°, 31.98°, 38.03° and 
44.20 in correspondence to height values of 38.61, 21.36, 210.58 
and 46.33, respectively (Table 1). AgNP formation was verified at 
38.03° and 44.20° in the 2-theta range. AgNPs produced by H. pan-
nosa exhibit a crystalline structure and cubic phase, as shown by 
their XRD pattern. At 2 Theta (38.03°), the crystalline peak was 
reached with a size of 76.4 and an intensity of 100%. The crystalline 
structures of AgNPs were confirmed by the sharpness of all 
obtained peaks.
nthesized from H. pannosa extract. 
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Fig. 2. FT-IR spectrum of biosynthesized AgNPs.

Fig. 3. XRD profile for AgNPs synthesized using H. pannosa.
9.4. TEM 

Fig. 4a presents a TEM image of AgNPs synthesized using H. 
pannosa. The TEM analysis reveals that the nanoparticles are poly-
dispersed, including hexagons and their sizes range from 15 to
59
60 nm. This size estimation was determined by measuring the 
diameters of over 55 particles from the TEM images. Fig. 4b dis-
plays histograms corresponding to the data from Fig. 5a, illustrat-
ing the size distribution. Results showed an average particle size of 
30.56 ± 0.39 nm. The smaller size of these particles enhances their

move_f0020
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Table 1 
Peaks list of XRD analysis for AgNPs. 

Peak Number Pos. [°2Th.] d-spacing[nm] Height [cps] Rel. Int. [%] 

1 27.2727 3.27002 38.61 18.34 
2 31.9863 2.79809 21.36 10.14 
3 38.0315 2.36609 210.58 100.00 
4 44.2064 2.04886 46.33 22.00
surface area, potentially increasing their catalytic effectiveness. 
Additionally, the crystalline quality of the phyco-synthesized 
AgNPs is confirmed by the Selected area electron diffraction (SEAD) 
[46] pattern shown in Fig. 4c, which exhibits distinct circular rings 
due to Bragg’s reflections at 27.27, 31.98, 38.03, and 44.20, indicat-
ing the crystalline structure of the nanoparticles. 

9.5. Particle size and zeta potential 

Using a particle size analyzer in an aqueous environment, the 
surface charge properties and particle size distributions of the 
biosynthesized AgNPs were assessed. The size of the refined
Fig. 4. Characterization of AgNPs synthesized from H. pannosa extract. (a) Representati
particle size distribution, indicating a range of sizes with an average diameter. (c) SAED
crystalline nature.
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nanoparticles was measured using a Malvern instrument after they 
were suspended in double-distilled water with a neutral pH. Fig. 5 
presents the results, which show that the AgNPs have a surface 
charge of −43.4 ± 10.6 mV, as shown by their zeta potential. This 
suggests that the nanoparticles possess a stable dispersion due to 
their surface charge. The particle size distribution is detailed in 
Fig. 6a, which confirms an average particle size of 38.58 nm. This 
size closely matches the results obtained from TEM analysis, 
underscoring the consistency of the measurement techniques. 
The particles are also polydisperse in size, with the larger particles 
being greater than 80 nm Fig. 6b. Additionally, the PDI was 
recorded at 0.848, indicating a broad range of particle sizes within
ve TEM image of AgNPs, illustrating their morphology. (b) Histogram showing the 
 pattern confirming the formation of spherical nanoparticles, demonstrating their 
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Fig. 5. Zeta potential distribution of synthesized AgNPs.
the nanoparticle preparation. This variance suggests that while the 
nanoparticles are predominantly uniform, there exists a distribu-
tion of smaller and larger particles within the sample.

9.6. GC–MS analysis 

Table 2 displays the results from the GC–MS analysis, showing 
that more than 90% of the compounds identified in the H. pannosa 
extract correspond to entries in the NCBI database. The major con-
stituents identified in the extract include Oleic Acid, which is the 
most abundant at 24.5%, followed by 9,12-Octadecadienoic acid 
at 15.16%, its ethyl ester form at 10.2%, and Lupeol at 7.5%. Addi-
tionally, several other compounds were detected in smaller quan-
tities: n-Hexadecenoic acid at 6.22%, R-1 Methanandamide at 1.6%, 
Glycidyl oleate at 1.5%, Trilinolein at 0.84%, 10-Octadecenoic acid, 
methyl ester at 0.79%, and 14-Methyl pentadecanoic acid, methyl 
ester at 0.67%. These results outline the diverse chemical composi-
tion of the H. pannosa extract, highlighting the presence of various 
fatty acids and other bioactive compounds in significant 
proportions.

9.7. Docking investigation 

Docking on Gyrase B’s receptor (PDB ID: 4uro): Re-docking the 
co-crystallized Novobiocin (Ligand) in the enzyme binding pocket 
with an energy score (S) = −5.5125 kcal/mol served as the first val-
idation of the docking process. Oleic acid and 9,12-octadecadienoic 
acid with the Gyrase B protein (PDB ID: 4uro) receptor were dis-
covered to have docking energy scores of −6.5932 and 
−6.5557 kcal/mol, respectively, which are greater than the co-
crystallized ligand as indicated in Table 3. The greater the engage-
ment, the lower the energy score. As a result, the interaction 
occurred in the following order: Oleic Acid> 9,12-
Octadecadienoic acid> Novobiocin (Ligand). These findings are 
consistent with the experimental findings of in-vivo assay of 
anti-bacterial activity (Fig. 7).

Docking with the GST receptor (PDB ID: 1PN9): An energy score 
(S) of −5.5076 kcal/mol was obtained by redocking the co-
crystallized s-Hexylglutathione ligand (GTX) into the enzyme’s 
binding pocket to validate the docking process. The docked oleic 
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acid and 9,12-octadecadienoic acid with the GyraseB protein 
(PDB ID: 4uro) receptor were then found to have higher docking 
energy scores than the co-crystallized ligand, as shown in Table 4. 
These scores were −5.9952 and −6.0975 kcal/mol, respectively. It is 
worth noting that a lower energy score corresponds to a greater 
level of engagement between the ligand and receptor. Accordingly, 
the interaction was observed to occur in the following order: 9,12-
Octadecadienoic acid > Oleic Acid > Novobiocin (Ligand). These 
outcomes are in line with the experimental results obtained from 
the in-vivo assay of anti-pesticide activity of the extract (Fig. 8). 
Comparing experimental data to data generated by theoretical cal-
culations reveals that the two types of data are comparatively com-
parable. It is acknowledged that the most important factor 
affecting a compound’s biological activity against proteins is 
interaction.

9.8. Antibacterial activity 

The antibacterial efficacy of AgNPs synthesized using H. pannosa 
extract has been clearly demonstrated in our research. We 
assessed the antibacterial activity of these AgNPs against four 
pathogenic bacteria known to cause serious diseases. The assess-
ment was conducted using the agar well diffusion method, where 
the formation of an inhibitory zone around the wells containing 
the nanoparticles indicates effective antibacterial activity. Our 
findings revealed that the AgNPs exhibited substantial zones of 
inhibition, which varied among the tested pathogens. The largest 
zone of inhibition was 32 mm against S. epidermidis, followed by 
21 mm against both S. aureus and A. baumannii, and 16 mm against 
K. pneumoniae, as detailed in Fig. 9 and Table 5. The control tests, 
both negative (no treatment) and positive (standard antibiotic), 
did not show clear zones of inhibition, underscoring that the 
antimicrobial activity observed was solely attributable to the 
tested nanoparticles. This result highlights the potential of AgNPs 
as an effective antibacterial agent against multiple harmful bacte-
rial strains.

The MIC refers to the lowest concentration of nanoparticles that 
effectively inhibits microbial growth. In this study, the MIC for 
AgNPs synthesized from H. pannosa extract was determined using 
the MTT assay, conducted on a 96-well microtiter plate, with
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Fig. 6. A, b. Size distribution analysis of biosynthesized AgNPs as measured using DLS particle size analyzer.
results assessed through visual analysis. For each tested bacterial 
species, growth inhibition was achieved at their respective MIC 
values. The MIC values for the AgNPs were observed across a range 
from 1000 to 2.0 lg/mL against pathogens such as S. epidermidis, S. 
aureus, K. pneumoniae, and A. baumannii. The data in Table 6 illus-
trate that the AgNPs significantly enhance bactericidal activity. 
Specifically, the MIC for K. pneumoniae was noted at a higher con-
centration (32.0 lg/mL), indicating that this pathogen requires a 
greater number of nanoparticles for effective inhibition. In con-
trast, the growth inhibitory activity for the other bacterial strains 
was observed at a lower concentration, specifically 16.0 lg/mL 
(Fig. 9). Furthermore, the MBC was determined as the lowest con-
centration at which no visible growth of the test bacteria was 
observed, recorded at 32 lg/mL for all tested strains.
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9.9. Antibiofilm activity of AgNPs 

AgNPs synthesized from H. pannosa extract were assessed for 
their anti-biofilm activity in a dose-dependent study targeting 
biofilm-forming bacteria. The in vitro experiments were designed 
to evaluate how well these nanoparticles inhibit the formation of 
biofilms by bacterial species such as S. epidermidis, S. aureus, K. 
pneumoniae, and A. baumannii. The results, depicted in (Fig. 10), 
indicated that the AgNPs effectively prevented biofilm develop-
ment across the range of tested concentrations. The data demon-
strated that the anti-biofilm activity of the AgNPs was most 
potent against A. baumannii, with an effectiveness value of 2.710. 
This was followed by K. pneumoniae, which had a value of 2.320, 
S. epidermidis with 1.870, and S. aureus with 1.740. These values
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Table 2 
GC Mass identification of H. pannosa extract. 

No. RT Compounds Molecular formula Molecular weight Peak area (%) 

1 29.42 Oleic Acid C18H34O2 282 24.56 
2 29.22 9,12-Octadecadienoic acid C18H32O2 280 15.16 
3 37.73 9-Octadecenoic acid (Z)-, 

2-hydroxy-1-(hydroxymethyl)ethyl 
ester 

C21H40O4 356 10.23 

4 29.79 LUP-20(29)-ENE-3,28-DIOL, (3á)- C30H50O2 442 9.13 
5 29.86 Lupeol C30H50O 426 7.54 
6 26.2 n-Hexadecenoic acid C16H32O2 256 6.22 
7 30.16 Lupeol C30H50O 426 5.31 
8 37.61 9,12-Octadecadienoic acid (Z,Z) −, 

2-hydroxy-1-(hydroxymethyl)ethyl 
Ester 

C21H38O4 354 3.34 

9 28.96 Lupeol C30H50O 426 2.43 
10 28.53 Lupeol C30H50O 426 2.13 
11 45.01 R-1 Methanandamide C23H39NO2 361 1.63 
12 34.71 Glycidyl oleate C21H38O3 338 1.52 
13 35.09 Hexadecanoic acid, 

2-hydroxy-1-(hydroxymethyl)ethyl 
ester 

C19H38O4 330 0.91 

14 42.47 Trilinolein C57H98O6 878 0.84 
15 28.71 10-Octadecenoic acid, methyl ester C19H36O2 296 0.79 
16 41.59 FLAVONE 4′-OH,5-OH,7-DI-O-glucoside C27H30O15 594 0.74 
17 34.57 9,12-Octadecadienoic acid (Z,Z)-, 

2-hydroxy-1-(hydroxymethyl)ethyl 
ester 

C21H38O4 354 0.71 

18 25.54 Pentadecanoic Acid, 
14-Methyl-, Methyl Ester 

C17H34O2 270 0.67 

19 33.8 9-Octadecenoic Acid (Z)-, 
2-Hydroxy-1-(Hydroxymethyl) Ethyl Ester 

C21H40O4 356 0.63 

20 30.71 9,12,15-Octadecatrienoic acid, 
2,3-dihydroxypropyl ester, (Z,Z,Z)-

C21H36O4 352 0.61

Table 3 
Docking interaction data computations between the active site of the Gyrase B protein receptor (PDB ID: 4uro) and Novobiocin (Ligand) in the enzyme binding pocket, as well as 
oleic acid and 9,12-octadecadienoic acid. 

Compound Energy score (S) 
(Kcal/mol) 

Affinity Bond strength 
(Kcal/mol) 

Affinity Bond length 
(in Ao from main residue) 

Amino 
acids 

Ligand Interaction 

Novobiocin (Ligand) −5.5125 −0.9 3.81 ILE 86 6-ring pi-H 
−0.6 4.72 ARG 144 6-ring pi-cation 

Oleic acid −6.5932 −2.2 2.8 ILE 51 O 53 H-donor 
9,12-Octadecadienoic acid −6.557 −2.3 2.69 VAL 79 O 51 H-donor
suggest a relative measure of the nanoparticles’ efficacy in prevent-
ing biofilm formation, with higher values indicating stronger inhi-
bition. This study underscores the potential of AgNPs as effective 
anti-biofilm agents, offering promising applications in preventing 
bacterial colonization and biofilm formation on various surfaces, 
which is crucial for managing infections, especially in medical 
settings.

9.10. Larvicidal and adulticidal properties against vector C. pipiens 
mosquito 

Five concentrations of manufactured AgNPs (20, 40, 60, 80, and 
100 ppm) and the algal extract (200, 300, 400, 500, and 600 mg/L) 
were applied to the third instar larvae of the tested C. pipiens mos-
quito. The recorded LC50 and LC90 values for the algal extract were 
(349.786 and 620.378 mg/L), whereas the AgNPs were (43.674 and 
88.377 mg/L), according to the data shown in Table 7. No larval 
mortality was seen in the group treated with AgNO3 solution 
(without algal extract), and the highest larvicidal activity of both 
crude algal and synthesized AgNPs (93.33 and 100%) was attained 
at doses of 600 and 100 mg/L compared with the control group. In 
the same context, the same concentration treated before with lar-
vae showed high adulticidal activity against adult and it became 
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crystal clear when recorded LC50 and LC90 values of both algal 
and synthesized AgNPs were (299.810 and 543.004 mg/L) and 
(45.595 and 102.121 mg/L), respectively. Adult mortality reached 
96.67% at 600 mg/L of algal extract while reached the same con-
centration (96.67%) at 100 mg/L of AgNP extract (Table 8). Gener-
ally, C. pipiens adults were found to be more susceptible to the 
synthesized AgNP extract than the algal extract.

10. Discussion 

10.1. Synthesis and characterization of AgNPs synthesized by H. 
pannosa 

The production of AgNPs was visually confirmed through a 
change to a dark brown color. UV–visible spectroscopy showed 
that the SPR band for AgNPs appeared at 420 nm. Abdel-Raouf 
et al. [46] noted that Galaxaura elongata extracts turned to an 
intense brown after 3 h of exposure to AgNO3. Similarly, Dhas 
et al. [47] detected absorption peak at 424 nm for silver nanopar-
ticles derived from Ceriops tagal. The absorption peak we observed 
at 422 nm aligns well with these observations, mirroring findings 
by Rao and Paria [48], who studied nanoparticles from Aegle mar-
melos leaf extracts. In another study, the formation of AgNPs was
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Fig. 7. Investigations using 2D and 3D molecular docking simulations of the interactions between the active site of the Gyrase B protein receptor (PDB ID: 4uro) and 
Novobiocin (Ligand) in the enzyme binding pocket, oleic acid, and 9,12-octadecadienoic acid.
validated by a color shift in Chroococcus cyanobacterium from pale 
yellow to deep brown, with a distinct peak at approximately 
64
420 nm [49]. UV–visible spectroscopy of AgNPs made using Padina 
pavonia powder, according to Abdel-Raouf et al. [50], showed a
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Table 4 
Calculating docking interaction data between the active site of the GST protein receptor (PDB ID: 1PN9) and the enzyme binding pocket of s-Hexylglutathione ligand (GTX), oleic 
acid, and 9,12-octadecadienoic acid. 

Compound Energy score (S) 
(Kcal/mol) 

Affinity Bond strength 
(Kcal/mol) 

Affinity Bond length 
(in A° from main residue) 

Amino 
acids 

Ligand Interaction 

s-Hexylglutathione ligand −5.5076 −2 3.02 TYR 105 O 36 H-acceptor 
Oleic acid −5.9952 −1.5 2.93 GLU 202 O 53 H-donor 
9,12-Octadecadienoic acid −6.0975 −1.5 3 GLU 202 O 51 H-donor 

−4 2.8 GLY 8 O 50 H-acceptor
peak at 401 nm that grew stronger over time. The synthesis of 
AgNPs was carried out by Mishra et al. [51] using AgNO3 in combi-
nation with Chaetoceros sp., Skeletonema sp., and Thalassiosira sp. 
They noticed a color shift over 48 h, going from colorless to pale 
yellow and finally reddish-brown, with peaks at 412 nm, 
425 nm, and 430 nm, respectively, signifying the presence of 
biosynthesized AgNPs.

The color change marks the onset of nanoparticle formation, 
progressing from nucleation to growth where adjacent nucleonic 
particles combine to form thermodynamically stable AgNPs [51]. 
The interaction of radiation with metallic ions induces a transition 
to a higher energy state, producing an SPR band that reflects the 
nanoparticles’ size and shape within a specific range [52]. Accord-
ing to Mie theory, size information derived from UV spectra shows 
that the SPR band for AgNP from Chaetoceros sp. occurs at a shorter 
wavelength of 412 nm, whereas for Skeletonema sp. and Thalas-
siosira sp., it shifts to longer wavelengths of 425 nm and 430 nm, 
respectively. These results are consistent with size estimates from 
DLS and SEM analysis [53]. 

Transmission electron microscopy remains a pivotal method for 
characterizing nanomaterials due to its ability to provide detailed 
insights into the morphology and size distribution of nanoparticles 
[54]. In this study, TEM was utilized to examine the structural and 
morphological details of silver nanoparticles synthesized from the 
marine algae H. pannosa. The TEM results clearly demonstrated the 
formation of AgNPs, corroborating findings from other studies that 
use marine macroalgae as eco-friendly sources for metal nanopar-
ticle synthesis. These studies highlight the role of algal-derived 
phytochemicals in reducing metal ions to form nanoparticles 
[55]. Morphologically, the observed AgNPs were polydispersed in 
shape, including hexagons. This is significant as the shape of 
nanoparticles can substantially affect their properties and suitabil-
ity for various applications. For example, spherical nanoparticles 
are often preferred for certain applications due to their enhanced 
biocompatibility and efficient cellular uptake [56]. The size distri-
bution of the nanoparticles ranged from 15 to 60 nm, with two 
main groups: one between 15 and 40 nm and another between 
40 and 60 nm, highlighting the polydispersity of the sample. This 
diversity in size, typical of biogenic synthesis, indicates the pres-
ence of nanoparticles of various dimensions within the sample 
[57]. TEM imaging also showed that AgNPs synthesized using C. 
ellipsoidea were quasi-spherical and varied in size [58], while those 
produced from P. pavonia powder were more uniform, primarily 
spherical and polygonal, ranging from 0.5 to 50 nm [50]. 

AgNPs made using H. pannosa showed a complex spectrum of 
peaks in the FT-IR analysis, indicating a complex composition of 
the algal extract. Similarly, in the alga Dictyota mertensii, a peak 
at 1383.8 cm−1 was linked to the silver reduction process [59]. 
As mentioned earlier, pectin, cellulose, and hemicellulose, which 
function as reducing and stabilizing agents, make up the majority 
of the cell walls of macro-sea alga [60]. These polymers’ functional 
groups, in addition to proteinaceous materials and polysaccha-
rides, are probably responsible for the reduction of silver salts to 
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elemental silver (Ag0 ). Because of their functional groups, these 
biological components help metal salts interact with them, which 
forms nanoparticles [61]. Moreover, the creation and stability of 
metal nanoparticles are significantly aided by uronic acids, 
polysaccharides, monosaccharides, and other biological com-
pounds found in marine algae, such as secondary metabolites [62]. 

X-ray diffraction is a crucial technique for analyzing the struc-
ture of crystalline materials and is extensively used to investigate 
specific attributes such as crystal size, phase, quality, and other 
important characteristics of samples [63]. In this study, the XRD 
patterns showed peaks at angles of 27.27°, 31.98°, 38.03°, and 
44.20°, corresponding to intensity values of 38.61, 21.36, 210.58, 
and 46.33, respectively. Similarly, Sahoo et al. [49] reported XRD 
patterns with peaks at 10.5°, 38.37°, and 64.4°, and corresponding 
intensity values of 86, 67, and 20. The presence of AgNPs was con-
firmed with peaks notably at 2-theta values of 38.37° and 64.4°; 
comparable XRD patterns at 38.2°, 44.3°, 64.6°, and 77.2° were 
recorded for the marine alga Ecklonia cava [64]. 

Furthermore, at 37.53°, 44.16°, 66.22°, and 76.74° correspond-
ing to the crystallographic planes 111, 200, 220, and 311, respec-
tively, four notable Bragg’s reflections were noted. Using the 
Debye-Scherer equation, the average crystallite size of the pro-
duced AgNPs was found to be 17.7 nm [51]. These results align well 
with findings from other studies involving AgNPs synthesized from 
marine sources [65,66]. 

Zeta potential is a critical measure for assessing the stability of 
aqueous nanosuspensions, with a threshold of at least ±30 mV 
needed to consider the nanoparticles as a stable suspension [67]. 
In our research, the notably high negative zeta potential of −43.4 
± 10.6 mV significantly surpasses this threshold, indicating strong 
electrostatic repulsion among particles and affirming the stability 
of our biosynthesized AgNPs. This negative value, possibly influ-
enced by the presence of nitrate ions, promotes repulsive forces 
across the particle surfaces, effectively preventing nanoparticle 
aggregation and ensuring stable dispersion resistant to sponta-
neous aggregation [67]. Furthermore, the PDI provides insight into 
the size variation of nanoparticles. A PDI of zero represents a 
monodisperse distribution, whereas a PDI of 1 indicates a high 
degree of polydispersity. Our results are in good agreement with 
those of Alzubaidi et al. [68], who found that silver nanoparticles 
made from an ethanolic flaxseed extract had a zeta potential of 
−44.5 mV. The average AgNP size was calculated using the DLS 
analysis to be 220.8 ± 31.3 nm, with a PDI of 0.408 [69]. On the 
other hand, the rEPS-SNPs showed a spherical shape with a mean 
diameter of 20.8 nm and sizes ranging from 8 to 36 nm. The aver-
age particle size, as shown by TEM micrographs, was 8.89 ± 6.95 
nm. The discrepancy in size measurements between DLS and 
TEM might be attributed to solvent effects in DLS experiments, 
which can induce swelling of the nanoparticles [70]. Furthermore, 
149.03 ± 3.04 nm, 186.73 ± 4.90 nm, and 239.46 ± 44.30 nm were 
the average particle sizes of AgNPs produced from Chaetoceros sp., 
Skeletonema sp., and Thalassiosira sp., respectively [51]. In the 
meantime, Sv/Ag-NPs obtained from S. vulgare showed a surface
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Fig. 8. Investigations using 2D and 3D molecular docking simulations of the interactions between the active site of the GST protein receptor (PDB ID: 1PN9) and the s-
Hexylglutathione ligand (GTX) in the enzyme binding pocket, oleic acid, and 9,12-octadecadienoic acid.
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Fig. 9. Antibacterial activity of AgNPs by agar well approach. 

Table 5 
Antimicrobial activity of AgNPs biosynthesized by H. pannosa. 

Microorganisms Materials 

Results of antimicrobial activity Antibiotic D. water 

R. D. mm. +ve control −ve control 

S. aureus +ve 21 0 0 
S. epidermidis +ve 32 0 0 
K. pneumonia +ve 16 0 0 
A. baumannii +ve 21 0 0 

Values represent the zone of inhibition (mm) against different microbial strains. ‘‘R” denotes resistance, and ‘‘D” indicates the diameter of inhibition.

Table 6 
Minimum inhibitory concentrations and MBC of AgNPs. 

No. Isolate Name MICs and MBCs by lg/mL. 

MICs MBCs 

1 S. aureus 16 32 
2 S. epidermidis 16 32 
3 K. pneumoniae 32 32 
4 A. baumannii 16 32

67
charge of −29.6 mV, as reported by Hamouda and Aljohani [71], 
indicating the common occurrence of negative zeta potentials in 
different silver nanoparticle syntheses.

10.2. GC/MS analysis 

Red algae are prolific sources of various bioactive compounds, 
including phenolic compounds (such as phenols, phenolic acids, 
carotenoids, and flavonoids), as well as sterols and phytosterols,
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Fig. 10. Antibiofilm activity of AgNPs synthesized from H. pannosa against biofilm-forming bacteria.

Table 7 
Larvicidal activity of algal and the synthesized AgNPs produced by H. pannosa extracts against C. pipiens, a mosquito vector. 

Treatments Concentrations (mg/L) n Larval mortality 
% ± SD 

Regression equation LC50 

(LCL–UCL) 
(mg/L) 

LC90 

(LCL–UCL) 
(mg/L) 

Statistic summary 

Algal extract Control 30 0.0 ± 0.0a Y = 5.150X −13.100 349.786 
(277.390– 422.315) 

620.378 
(493.692– 1117.762) 

d. f.  =  3,  
P  <  0.001, 
v 2 = 0.627

200 30 10.33 ± 9.50a 
300 30 36.67 ± 5.77b 
400 30 53.33 ± 5.77c 
500 30 76.67 ± 5.77d 
600 30 93.33 ± 5.77e 

AgNPs Control 30 0.0 ± 0.0a Y = 4.186X −6.867 43.674 
(31.811– 55.293) 

88.377 
(67.473– 159.864) 

d. f.  =  3,  
P  <  0.001, 
v 2 = 1.653

20 30 13.33 ± 5.33b 
40 30 36.67 ± 5.77c 
60 30 63.33 ± 4.99d 
80 30 86.67 ± 5.77e 
100 30 100.0 ± 0.0f 

AgNO3 Nil Nil Nil Nil Nil Nil 

The larval deaths are displayed as the mean ± SE of three duplicates. Significant differences exist between means with different letters (p < 0.001). The concentrations that kill 
50% of the population at (LC50) and 90% of the population at (LC90), as well as the degrees of freedom (d. f.) and lower and upper confidence limits (UCL and LCL), Chi-square, 
n = sample size in (2).
which are precursors to vitamin A [72]. Benhniya et al. [73] con-
ducted a GC/MS analysis of the dichloromethane/methanolic 
extract of Pterosiphonia complanata collected from the Sidi Bouzid 
site. The analysis identified various constituents, highlighting 
potential environmental impacts. Two major components were 
identified: n-hexadecanoic acid (palmitic acid) (15.68%) and neo-
phytadiene (12.35%). Notably, most of the identified compounds 
exhibited antimicrobial activity. These results are in line with 
those of Mahmood Ansari et al. [74], who found that terpenes, 
alkaloids, amino acids, and fatty acids are among the many natu-
rally occurring bioactive chemicals found in macromarine algae. 
These substances act as stabilizers and prevent the agglomeration 
of nanoparticles, underscoring the sea algae’s multifunctionality in 
the creation and stabilization of nanoparticles. 
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10.3. Biological application 

The antibacterial activity of AgNPs varies depending on the type 
of bacterial strains; when AgNPs were synthesized from red alga, 
they showed noteworthy efficacy against both Gram-positive and 
Gram-negative bacteria [75]. The largest zone of inhibition was 
32 mm against S. epidermidis, followed by 21 mm against S. aureus 
and A. baumannii, and 16 mm against K. pneumoniae. The MIC for 
all tested organisms was consistently 16 lg/mL, except for K. pneu-
moniae, which had a MIC of 32 lg/mL. These results are corrobo-
rated by other studies [76,77]. With respect to E. coli, S. aureus, 
and P. aeruginosa, AgNPs demonstrated inhibition zones measuring 
12–16 mm, and their corresponding MICs were 100 lg/mL, 200 lg/ 
mL, and 100 lg/mL, respectively [49]. S. typhimurium, S. faecalis,
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Table 8 
The adulticidal properties of algal and the synthesized AgNPs derived from H. pannosa extracts were observed against the mosquito vector, C. pipiens. 

Treatments Concentrations (mg/L) n Adult mortality 
% ± SD 

Regression equation LC50 

(LCL–UCL) 
(mg/L) 

LC90 

(LCL–UCL) 
(mg/L) 

Statistic summary 

Algal extract Control 30 0.0 ± 0.0a Y = 4.968X 
−12.305 

299.810 
(222.636 – 362.119) 

543.004 
(434.994 – 948.917) 

d. f.  =  3,  
P  <  0.001, 
v 2 = 0.561

200 30 23.33 ± 6.11a 
300 30 46.67 ± 5.77b 
400 30 66.67 ± 5.77c 
500 30 86.67 ± 4.98d 
600 30 96.67 ± 5.77e 

AgNPs Control 30 0.0 ± 0.0a Y = 3.660X 
−6.071 

45.595 
(32.345– 59.259) 

102.121 
(74.674– 219.447) 

d. f.  =  3,  
P  <  0.001, 
v 2 = 1.869

20 30 16.67 ± 5.56b 
40 30 33.33 ± 5.77c 
60 30 56.67 ± 6.02d 
80 30 83.33 ± 5.77e 
100 30 96.67 ± 5.09f 

AgNO3 Nil Nil Nil Nil Nil Nil 

The larval deaths are displayed as the mean ± SE of three duplicates. Significant differences exist between means with different letters (p < 0.001). The concentrations that kill 
50% of the population at (LC50) and 90% of the population at (LC90), as well as the degrees of freedom (d. f.) and lower and upper confidence limits (UCL and LCL), Chi-square, 
n = sample size in (2). 

 

and E. coli were all inhibited by Cymodocea turgidus [78]. Aerugi-
nosa, E. coli, and S. aureus had MICs of 43.94 lg/mL, 68.6 lg/mL, 
and 44.02 lg/mL for the AgNPs that were produced using Gracilaria 
lanceolarium leaf extract, respectively [79]. 

Furthermore, AgNPs produced by Cyclotella calcitrans demon-
strated inhibition against multiple pathogens including Klebsiella 
spp., Proteus vulgaris, P. aeruginosa, and E. coli [80]. Brevibacterium 
frigoritolerans-derived AgNPs inhibited a range of bacteria includ-
ing Candida albicans and Vibrio parahaemolyticus with zones rang-
ing from 11 mm to 25 mm [81]. Fungus-mediated AgNPs 
displayed zones of inhibition against several bacteria including 
E. coli and Salmonella enteritidis with values between 6 mm and 
10 mm [82]. The antibacterial mechanism of AgNPs is hypothe-
sized to involve attachment to bacterial cell walls, causing struc-
tural changes through the formation of free radicals, as 
confirmed by electron spin resonance studies. The release of Ag+ 

ions, which attach to negatively charged bacterial cell membranes, 
alongside the electrostatic forces, are crucial for the interaction of 
AgNPs with bacteria [83]. Additionally, the smaller size and greater 
surface area of nanoparticles enhance their microbial inhibitory 
activity by facilitating more direct interactions with pathogens 
[84]. Reactive oxygen species (ROS) creation, direct damage to cell 
membranes, and the absorption of free silver ions interfering with 
ATP synthesis and DNA replication are common mechanisms of 
nano-silver activity in bacteria [58]. 

The biofilm are crucial for bacterial survival in harsh environ-
ments, both within and outside a host, and contribute significantly 
to chronic and persistent infections [85]. The effectiveness of 
AgNPs in inhibiting biofilm formation was evaluated against four 
pathogenic organisms. The effectiveness values were as follows: 
A. baumannii at 2.710, K. pneumoniae at 2.320, S. epidermidis at 
1.870, and S. aureus at 1.740. These values indicate the nanoparti-
cles’ relative efficacy in preventing biofilm formation, with higher 
values denoting stronger inhibition. Vázquez-Rodríguez et al. 
[70] observed a dose–response relationship in the antibiofilm 
activity of reduced EPS silver nanoparticles (rEPS-SNPs), which 
completely blocked biofilm development in S. aureus, achieving 
100% inhibition. In another study, Kalishwaralal et al. [86] found 
that 50 mM of AgNPs, synthesized using B. licheniformis biomass, 
significantly inhibited biofilm formation in P. aeruginosa [49]. Arya 
et al. [87] also reported biofilm inhibition in B. subtilis and P. aerug-
inosa using biosynthesized AgNPs derived from Prosopis juliflora 
leaf extract. Further, AgNPs obtained from S. anacardium and B. 
retusa, at concentrations of 50 lg/ml and 60 lg/ml respectively, 
reduced biofilm formation by over 99%. The MICs needed for bio-
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film inhibition were found to be 68.94 ± 0.2 lg/mL, 12.9 ± 0.2 l 
g/ml, and 23.48 ± 0.2 lg/mL for AgNPs derived from G. lanceolar-
ium, S. anacardium, and B. retusa, respectively [79]. Biofilm forma-
tion in bacteria primarily involves the synthesis and secretion of 
exopolysaccharides (EPSs), which are essential for the develop-
ment of biofilms [88]. 

10.4. Larvicidal studies 

One of the biggest issues facing public health in developing 
nations is mosquito-borne illnesses. Because of mosquito resis-
tance, employing synthetic pesticides as a mosquitocidal repeat-
edly has become more difficult. Furthermore, toxicity to both 
people and non-target creatures all serve to heighten interest in 
investigating more environmentally friendly alternatives [89].  It
has been thought that plant extracts make effective agent insecti-
cides [90]. More and more data lately point to the possibility that 
green-fabricated mosquitocidal nanoparticles could be more suc-
cessful than the plant extract under test [91]. There are little data 
on the toxicity of nanoparticles in relation to the C. pipiens filariasis 
vector [23,27,28,92,93]. 

Regarding the mode of action, we postulated that the toxicity of 
green-fabricated nanoparticles in mosquitoes might be caused by 
their small size, which enables them to enter individual cells and 
pass through the insect cuticle, interfering with biological pro-
cesses such as molting. According to our findings, the larvicidal 
activity of algal and AgNPs produced by H. pannosa on C. pipiens 
mosquitoes demonstrated toxicity with LC50 and LC90 values of 
349.786 and 620.378 mg/L, respectively, whereas the correspond-
ing values for H. pannosa-mediated AgNPs were 43.674 and 
88.377 mg/L. When compared to the control group, the concentra-
tions of 600 and 100 mg/L of algal and AgNPs showed the highest 
larvicidal activity percentage (93.33 and 100), with no larval mor-
tality seen in the group treated with AgNO3 alone. The interaction 
between the silver in the nano range and the NH, C@O, COO– , and 
CAN functional groups of proteins accounts for the good biological 
activity and adsorptive capacity of the AgNPs generated using algal 
extract [94]. According to recent research, cell lines, mosquitoes, 
and both Gram-positive and Gram-negative bacteria may be con-
trolled by nanoparticles made from plant or marine sources 
[23,27,28,93]. Another study found that nanoparticles made with 
Clausena dentate were effective against Aegypti, A. stephensi, and 
C. quinquefasciatus mosquito species at concentrations of 
240.714, 104.13, and 99.602 mg/L, respectively [95]. In contrast, 
D. indica was used to produce selenium nanoparticles, which were
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more successful in suppressing early instar A. aegypti and C. quin-
quefasciatus at 0.39 and 1.11 mg/L, respectively, in the Krishnan 
et al. [96] investigation. When it comes to managing A. aegypti 
and C. quinquefasciatus, the toxicity of biologically produced AgNPs 
is just as good as that of selenium and gold nanoparticles, accord-
ing to Zhang et al. [97]. Nonetheless, there are numerous additional 
relevant studies on naturally occurring extracts, such as the use of 
plant nanoparticles as insecticides. Anopheles stephensi’s larvicidal 
activity was significantly increased by Lagenaria siceraria and its 
mediated ZnO-NPs, with an LC50 of 56.46 ppm [98]. When So-
ZnO-NPs were tested against mosquitoes, their larvicidal activity 
was significantly stronger than that of the S. officinalis crude 
extract [23]. 

Our findings in the same study showed that AgNPs had the 
highest larvicidal activity compared to crude. For algal and AgNPs, 
the obtained LC50 and LC90 values were (299.810 and 543.004 mg/ 
L) and (45.595 and 102.121 mg/L), respectively. While adult mor-
tality reached the same concentration (96.67%) at 100 mg/L of 
AgNPs, it reached 96.67% at 600 mg/L of algal extract. Our research 
concurs with Soni and Prakash’s [99] findings, which indicated that 
after 4 h of exposure, the adulticidal activity of C. quinquefasciatus 
was improved by AgNPs produced from Azadirachta indica, with an 
LC50 of 1.06 lL/cm2 . Similarly, Feronia elephantum reported by 
Hasaballah et al. [23] reported that the So-ZnO-NPs severely 
induced larvicidal activity for tested mosquitoes with LC50 and 
LC90 of 31.823 and 80.09 ppm for C. pipiens and 12.634 and 
66.118 ppm for Anopheles pharoensis, respectively. According to 
Benelli [100], Acacia caesia leaf extract and manufactured AgNPs 
have a high adulticidal action against An. subpictus (LD50 = 18.66 
lg/mL), Ae. albopictus (LD50 = 20.94 lg/mL), and C. tritae-
niorhynchus (LD50 = 22.63 lg/mL). Our results are comparable to 
their findings. Furthermore, Suresh et al.’s [101] findings showed 
that adulticidal activity ended in the death of treated adults at 
LC50 and LC90 values of 174.14 and 422.29 for crude oil and 
6.68 ppm and 23.58 ppm for Phyllanthus niruri AgNPs, respectively. 

11. Conclusion 

In this study, AgNPs were formed by reduction, capped, and sta-
bilized using an extract from H. pannosa. Various analytical tech-
niques, including UV–Vis spectroscopy, XRD, TEM, DLS, and FT-IR, 
confirmed the successful synthesis and characterization of the 
AgNPs. The surface plasmon resonance peak was observed at 
420 nm, and structural analysis showed the nanoparticles to be 
crystalline, polydispersed, with an average size of 38 nm. The syn-
thesized AgNPs demonstrated notable antimicrobial effects against 
Gram-positive and Gram-negative pathogens, with zones of inhibi-
tion indicating broad-spectrum potential. The MIC values were 
predominantly 16 lg/mL across tested organisms, except for K. 
pneumoniae, which required 32 lg/mL. The AgNPs also showed sig-
nificant antibiofilm activity against four pathogenic strains, with 
inhibition values of 2.710 for A. baumannii, 2.320 for K. pneumoniae, 
1.870 for S. epidermidis, and 1.740 for S. aureus. Furthermore, the 
AgNPs exhibited promising larvicidal and adulticidal effects 
against Culex pipiens mosquitoes, surpassing the efficacy of the 
extract of H. pannosa and underscoring their potential as eco-
friendly agents for vector control. 
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