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ARTICLE INFO ABSTRACT
Keywords: Nanotechnology is a multidisciplinary area of study that has grown significantly in serving many functions and
Green nanoparticles impacting human society. New fields of science have been facilitated by the clean, non-toxic, and biocompatible

Bionanotechnology
Ecotoxicology

Medicinal potential
Biosynthesis of nanomaterials

nature of plant-derived nanoparticles. The present study deals with the first green synthesis of silver nano-
particles (Ag-NPs) using Endostemon viscosus, and their synthesized Ag NPs were characterized by different
spectral methods (UV-vis Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction
Spectroscopy (XRD), Transmission Electron Microscopy (TEM) and Energy dispersive X-ray Spectroscopy
(EDAX). The change initially observed the production of Ag-NPs in color from green to ash and then confirmed
by SPR band at 435 nm in UV-vis spectral analysis. The FTIR findings indicate that many functional groups
belong to the pharmaceutically useful phytochemicals, which interact as reducing, capping, and stabilizing
agents in synthesizing silver nanoparticles. The predominant peaks in the XRD pattern belong to the planes 210°,
111°, 200°, 241°, and 311° and thus demonstrated the Ag-NPs FCC crystal structure. TEM analysis exhibited
spherical-shaped particles with an average size of 13 nm, and the EDAX band showed a distinctive metallic silver
peak at 3.0 keV. The antibacterial activity of Ag-NPs tested to show a maximum zone of inhibition of 19 mm for
Staphylococcus aureus and 15 mm for Escherichia coli at 100 pg/mL, respectively. Bio-fabricated Ag-NPs were
assessed for antioxidant activity (DPPH with % inhibition 57.54% and FRAP with % inhibition 70.89%). The
biosynthesized Ag-NPs demonstrated potential larvicidal efficacy against Aedes aegypti with more than 90% at
250 pg/mL. Histological profiles were altered while treating with Ag-NPs at 250 pg/mL. The photocatalytic
activity of synthesized E. viscosus Ag-NPs was tested against methylene blue (MB) and crystal violet (CV), and the
maximum degradation efficiency was found as 90 and 94%, respectively. Furthermore, the toxicity test on
zebrafish embryos demonstrated that aberrations have only been induced at concentrations higher than 500 pg/
mL. We conclude that the greenly produced Ag-NPs may find use in biomedical applications based on bacteria
and cost-effective industrial wastewater treatment.
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1. Introduction

Antibiotic resistance is an important global issue that has driven
research toward developing novel biomolecules with widespread anti-
microbial activities (Aribisala and Sabiu, 2022; Bostanci et al., 2022).
Recently, there has been an increase in the prevalence of
antibiotic-resistant bacteria that cause nosocomial infections (Frieri
et al., 2017). Additionally, the increase in new outbreaks carried on by
bacterial mutations necessitates the development of novel biologically
active ingredients (Tiri et al., 2022). On the other hand, dyes are used in
many industries, such as those that work with textiles, paper, leather,
food, and cosmetics (Gupta et al., 2022). The most used dye for dying
cotton, wool, and silk is methylene blue (MB) and crystal violet (CV).
Finding secure and efficient methods to minimize environmental
degradation is the main component of its toxicity and persistence in the
environment (Subramaniam et al., 2022). Several earlier studies have
examined the photocatalytic decomposition of environmental contami-
nants using nanoparticles synthesized by plants. Negi et al. (2022) re-
ported a green approach for synthesizing silver nanoparticles by Smilax
aspera and its applications in photocatalytic dye degradation. Addi-
tionally, various plants have been exploited for their ability to bio-
synthesize several nanoparticles, including silver and zinc
nanoparticles, and their application in the process of photocatalytic dye
degradation (Rajasekar et al., 2022; Tiri et al., 2022; Lin et al., 2022;
Karimi et al., 2022b). Mosquitoes are among the most prevalent vector
species and can spread diseases like Ross River fever, West Nile virus,
Richard virus, dengue fever, zika virus, malaria, and dengue fever
(Foster and Walker, 2019). Every year, this leads to infections like skin
damage, sore muscles and joints, conjunctivitis, and hemorrhagic fever,
which cause illness, mental illness, and death (Musiime et al., 2022).
Mainly found in tropical and subtropical areas are Aedes aegypti, Aedes
albopictus, and Aedes vitattus (Wilson-Bahun et al., 2020). Due to a lack of
information and suitable insecticides, vector management is a severe
problem in developing countries like India. DDT, other organochlorine
insecticides, organophosphates, and synthetic pyrethroids were used
against Ae. aegypti during the twentieth century in various countries
around the world. Continuous synthetic chemical insecticides develop
mosquito resistance and reduce natural resources and safe, cheap al-
ternatives to insecticides (Khursheed et al., 2022). Therefore, devel-
oping new and better mosquito control is urgently needed to increase
human life (Sengiil Demirak and Canpolat, 2022).

Nanotechnology can be used to address these urgent environmental
problems because it offers excellent activity and high efficiency in a
variety of applications across many fields, including chemistry, elec-
tronics, medicine, materials, and biology (Gulbagca et al., 2019; Karimi
et al., 2022a; Karimi et al., 2022b; K. H. Liang et al., 2022). For this,
several production routes of NPs have been described in the literature,
including wet chemical processing (Nikam et al., 2018; Yousaf et al.,
2020), micro-emulsion techniques (Bibi et al., 2021; Y. Liang et al.,
2022), thermal reduction (Salem et al., 2017), as well as biosynthesis
from microorganisms and/or extracts of plants have (Mustapha et al.,
2022; Jeevanandam et al., 2022; Patel, 2022). However, several other
studies have also shown that, among so disponible methods, a
plant-mediated biosynthesis of metal NPs is highly advantageous
(Ahmad et al., 2020; Jadoun et al., 2021). Recent research on green
synthesis uses a wide range of organisms, such as bacteria, plants, algae,
and fungi metabolites, acting as reducing agents (Jeong et al., 2022).
Using biomolecules as surfactants in the surface coating during the
production of nanoparticles results in high stability and biocompati-
bility qualities (Abadi et al., 2022). Due to their functional surfaces, and
hydrophilic properties, bio-capped nanoparticles are significantly
important (Dheyab et al., 2020; Seckin et al., 2022). According to Yang
et al. (2020), the Crocus sativus L. extract used in the green synthesis of
Ag-Pt bimetallic possesses excellent photocatalytic activity against MB
as well as antibacterial and antifungal properties. Recently, Karimi et al.
(2022) investigated the antibacterial efficacy of Ag-based palladium
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nanoparticles that exhibited strong growth inhibitory activities against
Gram-positive and Gram-negative bacteria. A suitable replacement for
larvicides made of plant-derived bioactive metabolites is silver nano-
particles (Ag-NPs), which are manufactured from extracts of different
plants (Athanassiou et al., 2018). Additionally, Koduru Mallikarjuna and
his team prove that the environmentally friendly synthesis of
Pd-Ag/rGO nanoparticles using an extract of Stevia leaves creates
hydrogen and antimicrobial activity (Mallikarjuna et al., 2021).

In addition, green synthesis boosts the potential of nanotechnology
because it is an environmentally friendly, simple, stable, quick, and less
expensive technique (Mughal and Hassan, 2022). Nanoparticles are
typically made with aqueous metal solutions with an eco-friendly
reducing agent, like a plant extract (Aygiin et al., 2022). Metal ions
can be changed to metal nanoparticles by plant metabolites with anti-
oxidant or reducing abilities (Labulo et al., 2022). Flavonoids, proteins,
polyphenols, amino acids, alkaloids, enzymes, reducing sugars, and
various other bioactive substances are found in plant extracts and might
play a role in the bio-reduction of metal ions to metal nanoparticles as
well as in stabilizing/capping the metallic nanoparticles (Gebre, 2022;
Ojha, 2022). Green synthesis of Ag-NPs with Diospyros malabarica fruit
extract was used, and their cytotoxic, antibacterial, and catalytic prop-
erties were studied (Bharadwaj et al., 2021). The research also discusses
the bactericidal, anticancer, and catalytic capabilities of green synthe-
sized Ag and Pd-NPs (Aygiin et al., 2020). In addition, Rajkumar and
Sundar (2022) conducted the green synthesis of Ag-NPs from Persea
americana showed potential antibacterial, antifungal, and antioxidant
activities.

The biosynthesis of metallic nanoparticles opened the route for
environmental protection and improvement by reducing harmful
chemicals, minimizing biological hazards in biomedical applications,
and using it for disinfection and the degradation of harmful pollutants.
The novelty of this study is the use of Endostemon viscosus leaf extract as
a potent reducing and capping agent for the first synthesis of Ag-NPs.
The size and shape of nanoparticles were analyzed and structurally
characterized using various spectroscopic and microscopic methods.
The biological activities of bio-synthesized Ag-NPs have been studied,
emphasizing their potential for photocatalytic activity methylene blue
(MB) and crystal violet (CV), antibacterial, radical scavenging properties
(DPPH and Reducing power assay), and larvicidal activity against Aedes
aegypti and evaluate the toxicity profile of Ag-NPs in the zebrafish
model.

2. Material and methods
2.1. Preparation of plant materials

The healthy and disease-free leaves of Endostemon viscosus were
collected from Harur (Latitude: 12.046967, Longitude: 78.483273),
Dharmapuri, Tamil Nadu, India. Like, 25 g of leaves were weighed and
thoroughly washed three times with distilled water and with Millipore
water to clean the leaves of debris and other impurities. The leaves were
sliced into a fine powder before being mixed with 100 mL of Millipore
water in a labeled conical flask and heated for 15 min. For further study,
the plant extract was filtered using Whatman no. 1 filter paper and held
at 4 °C.

2.2. Synthesis of Ag-NPs from leaf extract

To produce Ag-NPs, Milli Q water was used to make a 1 mM silver
nitrate (AgNO3) aqueous solution. 90 mL of a 1 mM AgNOs3 solution
were treated with 10 mL of an aqueous extract within 4 h. The influence
of temperature on the production of nanoparticles was investigated at
60 °C. The green-to-ash color change of the solution indicates the pro-
duction of Ag-NPs from aqueous Ag ions and plant extract.
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2.3. Characterization of green synthesized silver nanoparticles

2.3.1. UV-visible spectral analysis

The surface plasmon resonance (SPR) peak of synthesized AgNPs
generated from E. viscosus extract was examined using a double-beam
spectrophotometer (Shimadzu UV spectrophotometer, model UV-1800)
with 1-nm specificity and a measuring range of 200-700 nm. Using
distilled water, 10x dilutions of colloidal solutions resulting from the
fabrication process were made (Nasir et al., 2022). Aliquots (1 mL) of the
mixture were frequently taken to update the status of the bio-reduction
of the Ag ion aqueous phase.

2.3.2. X-ray diffraction (XRD) pattern

To obtain a powder of nanomaterials, produced Ag-NPs in solutions
were centrifuged at 10,000 rpm for 15 min at 4 °C. Then, 1 g of Ag-NP
was placed into the sample container of the device for XRD examination,
which was then used to analyze the particle’s structure and shape using
CuK radiation at a 40 kV voltage and 30 mAo power, like Amarasinghe
et al. (2020). Diffracted intensities were used to calculate the Ag-NP’s
features. The scanning was performed with a Brucker X-ray diffrac-
tometer machine in Copper:Potassium (CuK) radiation with a time
constant of 2 s.

2.3.3. Fourier transform infrared spectroscopy (FI-IR)

FTIR analysis of the Ag-NPs was carried out through potassium
bromide (KBr) pellet procedure in FT-IR analysis (1:100 ratio), and the
spectrum was recorded using Jasco FT/IR-6300 FTIR equipped with
JASCO IRT-7000 Intron Infrared microscope (JASCO, Tokyo, Japan)
using transmittance mode operating at a resolution of 4 cm-1. The
powdered nanomaterials were examined in the mid-IR range of
400-4000 cm-1, according to Parthiban et al. (2019).

2.3.4. Energy dispersive X-ray spectroscopy (TEM) analysis

A transmission electron microscope has been used to examine the
images of the Ag-NPs (TEM; JEOL, Model JFC-1600). The TEM mea-
surements were conducted using a Hitachi H-7100 device with a 120 kV
acceleration voltage and water as the solvent. Drops of the AgNPs so-
lution were used to prepare the samples for TEM observation on a
carbon-coated grid. After removing excess solution using blotting paper,
the Ag-NPs solution on the TEM grid was allowed to air dry for a few
hours. The EDX analysis was carried out through Hitachi model H-7100.

2.3.5. Photocatalytic activity

The photocatalytic activity of synthesized was studied using meth-
ylene blue (MB) crystal violet dyes (CV) as a model dye under natural
sunlight irradiation, like Venkatesh et al. (2021), with minor modifi-
cations. For this, 50 mg of biosynthesized Ag-NPs were added to 50 mL
of aqueous dye solutions (at 20 mg/L), and the mixture was exposed to
sunlight for 180 min. At appropriate intervals of 30 min, 2 mL of the
reaction solution were collected, and the solution’s absorption intensity
was recorded using a UV-visible spectrophotometer at 663 nm. The
solution’s color vanished, indicating that the catalyst was working well.
The photocatalytic experiment was conducted between 10:30 a.m. and
2:30 p.m. under a cloudless, clear sky. The photocatalytic study’s
average solar light intensity was approximately 0.95 x 105 Ix.

2.4. Microbial assay

2.4.1. Preparation of bacterial inoculums

A 24-h Muller-Hinton broth (MHB, HI-Media, Mumbai) culture of
tested bacteria (Staphylococcus aureus ATCC-25923 and Escherichia coli
ATCC-25922) was grown in an orbital shaking incubator without
agitation for 24 h at 37 °C. Fresh Mueller-Hinton broth has been used to
reduce the culture to obtain an optical density equivalent to 0.5 (i.e.,
10°-10° CFU/mL using MacFarland’s standard).

Environmental Research 218 (2023) 114946

2.4.2. Agar well diffusion method

All strains of microorganisms were kept in glycerol stocks and
received from the Department of Microbiology at Mohan Kumar-
amangalam Medical College in Salem, Tamil Nadu, India, for further
examination (CLSI, 2015; Murugan et al., 2020). The antibacterial ac-
tivity of the biosynthesized Ag-NPs was investigated using the agar well
diffusion method against clinical pathogenic organisms, which is widely
used to evaluate in vitro evaluating antimicrobial activity (Valgas et al.,
2007; Balouiri et al., 2016). The pure cultures of the organism were
sub-cultured on Muller-Hinton broth at 37 °C on a rotary shaker at 200
rpm. Muller-Hinton agar powder (3.8 g) was melted in 100 mL of water
by gradually heating it in a beaker. The agar solution was sterilized by
autoclaving at 15 1bs pressure at 121 °C for 15 min. The sample was
chilled to 40-45 °C in a laminar hood. After that, the liquid was added to
Petri-dishes with relatively identical agar thickness (2.5 mm). The dishes
were left to cool for much time (25-35 min) for the agar medium to
solidify. The Muller-Hinton agar plates were prepared using gel punc-
ture, and each strain was evenly swabbed on the separate plates using
sterile cotton swabs. Ag-NPs solutions at 50 and 100 pg/mL (obtained
from a stock solution at 1 mg/mL) were placed in the wells on all the
plates using a micropipette. The covered dishes were rapped well by
paraffin film to seal them. Dimethyl sulfoxide (at 10%) was used as a
negative control, and the antibiotics chloramphenicol (at 50 and 100
pg/mL) were used as a positive control. The overall handling was carried
out within the laminar hood in front of a spirit light. The zone of inhi-
bition was assessed following a 24 h incubation period at 37 °C.

2.5. Invitro antioxidant assays

2.5.1. DPPH free radical scavenging assay

To assess the antioxidant potential of Ag-NPs, we used the 1,1-
diphenyl-2-picrylhydrazyl (DPPH) radical scavenging method, accord-
ing to Akgul et al. (2022), with some modifications. Briefly, different
amounts of aqueous leaf extract of E. viscosus and biosynthesized AgNPs
(50-250 pg/mL) were combined with 1 pL of DPPH (at 0.1 mM in
ethanol). After shaking, the reaction suspension was left to sit in the dark
for 30 min. Against a white reference, the absorbance at 517 nm was
measured (ethanol). The reference was (ascorbic acid). The reaction
mixture’s lower absorbance suggested a maximum level of scavenging
ability. Equation (1) was used to calculate the proportion of free radicals
that were inhibited or scavenged, according to Xiao et al. (2020):

(A1 — A2) x 100

Inhibition ratio (%) = 11

@
where “Al” is the absorbance of the addition of ethanol instead of the
testing sample and “A2” is the absorbance of the testing sample solution.

2.5.2. Reducing power assay

The reducing power evaluation was done using Erenler & Dag et al.
(2022) method, with minor modifications. Briefly, 500 pL of aqueous
leaf extract of E. viscosus and biosynthesized AgNPs (at different con-
centrations; 50-250 pg/mL) were combined with phosphate buffer (to
0.2 M, pH 6.6) and potassium ferricyanide (at 1%) and, subsequently,
the reaction mixture was incubated for 20 min at 50 °C. Then, this
mixture was added to 2.5 mL of trichloroacetic acid (at 10%), which was
centrifuged at 3000 rpm for 10 min. To determine the absorbance at 700
nm, 2.5 mL of the supernatant mixture was combined with 2.5 mL of
distilled water and 0.5 mL of FeCl3 (to 0.01%). Ascorbic acid served as
the standard, with phosphate buffer functioning as the control. Ac-
cording to Oyaizu (19886), the reaction solution’s increased absorbance
indicated enhanced reducing power.
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2.6. Larvicidal activity

2.6.1. Collection of mosquitoes

Laboratory culture of mosquito larvae Ae. aegypti was obtained from
the National Centre for Disease Control (NCDC), Mettupalayam, Tamil
Nadu, India. All the larvae were incubated in plastic containers supplied
with tap water. All studies were performed under 14:10 light/dark
photoperiod cycles at 27 + 2 °C and humidity at 75-85%. Dog biscuits
and yeast granules were served to larvae in a 3:1 ratio. In the laboratory,
the cultures were kept alive and developed.

2.6.2. Larvicidal bioassay

With some changes, a larvicidal bioassay was performed according to
WHO (2005) protocols. In a 500 mL glass beaker with 249 mL of
dechlorinated water and the desired amounts of fluid plant extract, Ae.
aegypti larvae of the first to the fourth instar were added. Dechlorinated
tap water was used for the control group. The number of dead larvae was
recorded after 24 h of exposure, and the LCsp and LCqy values were
calculated. The toxicity of the biosynthesized Ag-NPs was evaluated by
applying a multi-concentration test, which included control and
different concentrations of Ag-NPs (50, 100, 150, 200, and 250 pg/mL).
Each test was performed by placing 25 mosquito larvae into 100 mL of
distilled water with biosynthesized Ag-NPs into a glass beaker. Three
replicates of each concentration were used in each test, along with a
predetermined control group consisting of DMSO (at 10%) and distilled
water. Mortality was evaluated to examine the acute effects on Ae.
aegypti mosquito larvae after 24 h. The dead larvae in five replicates
were combined and expressed as a percentage of larval mortality for
each concentration. According to Abbott’s formula, the correct mortality
was determined (Abbott, 1925).

2.6.3. Histological analysis

A qualitative histological investigation of vulnerable larvae also was
done. The deceased larvae were dehydrated in ethyl alcohol for 24 h,
kept in 10% buffered formaldehyde, then cleaned with xylene. The
prepared larvae were encased in slabs of molten paraffin. The embedded
paraffin was sectioned into 5 mm thick sections and stained with he-
matoxylin and eosin using a rotary microtome. The sections were eval-
uated for abnormalities under a 400x magnification bright field light
microscope and documented, like Ga’al et al. (2018) and Wilson et al.
(2022).

2.7. Evaluation of silver nanoparticles toxicity in the non-target organism
(ecotoxicity)

2.7.1. Fish embryo acute toxicity (FET) test

2.7.1.1. Fish and fish maintenance. For egg production, a breeding
population of wild-type (ABWT) zebrafish (Danio rerio) aged (6-20
months) was used. The fishes were born and raised in a pumped back
system (Aquaschwarz, Germany) with a regular water exchange rate of
10% at 27 °C (pH 7.4, the conductivity of 550 pS, under a 14 h:10 h
light-dark cycle - stock density of 5 adult fish/L and a sex ratio of 1:1).
Fish were given finely ground dry feed (CIBA Fish Food, India) twice
daily and Artemia nauplii once daily (Ocean Nutrition, Belgium).

2.7.1.2. Egg collection and experimental design. Fish were placed in
aquariums the night before the experiment, at 27 °C, to induce breeding
behavior. Pipette boxes that were empty and coated in mesh (4 mm x 4
mm) were immersed in the tanks and measured 10 x 6 x 4 cm in length,
width, and height, respectively. Eggs were removed from the boxes the
following day, around 2 h after the start of fish spawning, and washed in
sterile water from the fish facility. Under the dissecting microscope
(magnification x6.3-40), fertile and unfertilized eggs could be differ-
entiated from one another (Leica S6E, Germany). Fertilized eggs
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between stages of 4 and 128 cells were utilized for the fish embryo acute
toxicity (FET) test.

FET test was conducted in accordance with OECD test guideline 236
at a temperature of 27 °C (OECD, 2012). Fertilized eggs were dispersed
into 24 well plates with 2.5 mL of test solution each (Ref. 83.3922500,
Sarstedt, Germany). From a standard solution mixed in sterile,
facility-system-filtered water, six concentrations of biosynthesized
Ag-NPs (0.25, 0.5, 50, 250, 500 pg/mL, and 1 mg/L) were developed
(rearing medium). Each plate included 20 eggs suspended in the inde-
pendent test solution. A different plate was used as a negative control,
containing 24 eggs in the growing medium. Embryos were examined at
24, 48, 72, 96, and 120 h after treatment under a dissection microscope
(Leica S6E, Germany). Four aspects of embryo death were observed, like
Malafaia et al. (2020): 1) embryo survival percentage, 2) Heartbeat
count, 3) body length and 4) hatchability percentage.

2.8. Statistical analysis

The death rate was calculated after 24 h. Probit analysis was used to
determine their LC50 and LC90, Chi-square values, lower and upper
confidence limits, and other statistics at 95% intervals (Finney, 1971).
They were using the SPSS 16 version software for data analysis. Each
experiment was tested three times. Parametric data are presented by the
mean + standard deviation, whereas non-parametric data are presented
by the median and interquartile range.

3. Results
3.1. Characterization of biosynthesized silver nanoparticles

3.1.1. UV-vis spectroscopy

One of the most used techniques for characterizing nanoparticle
formations is UV-visible spectroscopy. Visual observation was used to
identify the color of the solution of AgNOs and E. viscosus leaf extract.
The synthesis of Ag-NPs is shown in (Fig. 1A-C). The suspension color
shifted from green to ash within 2 h. Aqueous leaf extract from
E. viscosus absent AgNO3 did not indicate any color change. The color of
the extract changed from green to ash within 2 h, revealing the reduc-
tion of silver ions. The reduction of silver ions and synthesis of Ag-NPs
were measured after 24 h using UV-vis spectrum at wavelengths
ranging from 300 to 700 nm, which showed the highest peak at 435 nm
gradually (Fig. 1D).

From the optical absorption spectra, the direct optical band gap was
measured using

(ohv)" = A (hv-Ey)

Where E; is the energy gap, o is the absorption coefficient, h is Planck’s
constant, v is the frequency of light, A is the constant of proportionality,
and n = 2 for direct band gap energy. From the plots (Fig. 1E), band gap
energy is found to be 2.30 eV for as-prepared 24 h aging time respec-
tively. The obtained band gap value confirmed that synthesized AgNPs
are semiconducting, which matches with the previously reported silver
nanoparticles (Chandhru et al., 2022).

3.1.2. FT-IR analysis of biosynthesized Ag-NPs

FT-IR spectroscopy was performed to evaluate the coating of plant
extract on produced AgNPs. The hydroxyl group O-H shifting at 3910
cm™!, the main amine N-H bond stretching at 3446 cm™}, and the al-
kanes with various functional groups moving at 2932 cm ™! spectra are
all depicted in the FT-IR spectrum of E. viscosus (Fig. 2A). The absorption
peaks 2112 cm™ ! are assigned due to the C=0 stretch of carbonyls. The
IR peak at 1733 cm ™! was associated with transaction ordered C-N bond
of protein. Another similar peak, 1642 cm™ !, was assigned to the
wagging vibration of the C-H bond of alkyl halides. The C-O stretch of
carboxylic acid was observed at 1018 cm™!, which was linked to the
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Fig. 1. (A) AgNOs, (B) E. viscosus aqueous leaf extract, (C) biosynthesized Ag-NPs, (D) UV-visible spectra wavelength range of 300-700 nm recorded from aqueous
E. viscosus leaf extract after 24 h with AgNOj solution (at 1 mM), (E) UV- band gap energy for Ag-NPs (2.30 eV).

amino acid residue, and the peptide had a strong ability to bind to metal
nanoparticles. The peak at 945 cm™! indicates the presence of G-Cl
stretching medium vibrations of alkyl halides. Based on the FT-IR
spectrum, the active biomolecules are carboxylic and amine groups
responsible for reducing silver ions.

3.1.3. XRD analysis

It was determined that the particles were crystalline using X-ray
diffraction. The XRD pattern showed some Bragg reflections with sharp
peaks in the band of 20 value ranging from 20 to 80°. The sharp peak at
27.6°, 32.6°, 46.1°, and 71.1° degrees corresponds to the 210, 111, 200,
and 311 planes and confirms the silver’s crystalline nature (Fig. 2B). The
crystalline structure of the Ag-NPs produced by the reduction of Ag ions
using E. viscosus leaf extract is indicated through X-ray diffraction. The
Debye-Scherrer formula was used to determine the AgNP’s crystalline
phase with the support of a prominent intensity peak.

A
Y

(2)

where D is the mean crystallite size and 0.89 is Scherrer’s constant. =
The X-ray radiation’s frequency (Cu K). = Full Width at Half-Maxima of
the (1 0 1) plane of Ag-NPs. Bragg’s angle of diffraction is equal to. The
(1 0 1) strong plane’s computed average crystallographic size was 14.8
nm.

3.1.4. TEM and EDX analysis

TEM micrographs show the size and shape of the biosynthesized Ag-
NPs (Fig. 3A). Fig. 3B shows a histogram of the particle size distribution
that the particles roughly exhibited a spherical shape ranging from 2 to
13 nm with an average size of 13 nm, which were readily redispersed in
water. The produced AgNPs’ elemental contents were examined via EDX
in connection with HR-TEM, and the potential peaks were located be-
tween 1.741 and 10.430 keV, confirming the existence of Ag with an
atomic percentage of 24.30% and a weight percentage of about 54.39%,
respectively (Fig. 3C). Carbon and oxygen were also detected in the
spectrum, which was associated with organic constituents of the leaf
extract on the surface of Ag NPs.

3.1.5. Photocatalytic activity

The degradation of MB and CV dyes in the presence of sunlight was
used to test the fabricated Ag-NPs’ photocatalytic activity. The pro-
gressive transformation of the relevant color into a dye solution without
color enabled for the visual observation of dye degradation. The pho-
tocatalytic decomposition of MB and CV dyes by biosynthesized Ag-NPs
is demonstrated in Fig. 4, which displays the absorption spectra evalu-
ated in the aqueous solution at various time intervals under the influ-
ence of Ag-NPs. With an increase in exposure time, the primary

absorption peak at 595 nm steadily lowered, showing photocatalytic
degradation of both dyes. The process stopped in the absence of the
nano-catalyst (control). When exposed to sunlight for the first 20 min,
degradation was observed at 19% and 21%. However, as photoperiod
duration increased, the degradation efficiency of both the MB and CV of
dye also grew, reaching a maximum at 180 min, which was 90% and
94%, as displayed in Fig. 4C and D. The primary active elements in the
photocatalytic oxidation degradation of dye are gaps, superoxide anion
radical, and hydroxide ions (Ravichandran et al., 2019). The photo-
catalytic investigations showed that these Ag-NPs are effective at
destroying MB and CV when exposed to sunlight As an outcome, they
can be used in textile and wastewater treatment processes.

The possible mechanism for the Ag NPs photodegradation of meth-
ylene blue (MB) and crystal violet (CV) dyes were proposed in Fig. 5. In
the case of the Ag NPs under solar light irradiation, the photogeneration
of electron-hole pairs on the surface of the Ag NPs occurs because of the
Surface Plasmon Resonance (SPR) phenomena. Considering the fact that
the reaction happens only on the surface of the nanoparticles, the
electrons are promoted from the valence band (VB) to the conduction
band (CB), leaving holes in the (hj;;) VB and conduction electron (egg) in
the CB (Ansari et al.,, 2015). These photogenerated species leads to
degradation of MB and CV in the reaction mixture by generating some
highly reactive radicals (Eq. (1)). The eg; by reacting with surface
adsorbed dissolved oxygen (O,) to form superoxide radical anions (03~)
(Eq. (2)). At the same time the photogenerated holes h{;; by reacting
with surface adsorbed hydroxyl ions to form highly reactive hydroxyl
radical (HO*) (Eq. (3) and (4)). Furthermore, O35~ also reacts with water
molecule and finally produces HO®* and hydroperoxyl radical (HO3) (Eq.
(5) and (6)) (Thamer and Murad, 2020). These highly oxidative species
are play the key role in the photocatalytic degradation of MB dye like
carbon dioxide (CO2) and water (H20) and other degraded products (Eq.
(7)). Based on the above mentioned arguments, it can be concluded that
the Ag NPs exhibit enhanced photocatalytic activity due to the syner-
gistic effects of the SPR phenomena of the Ag NPs.

Ag NPs+ hv—Ag NPs (ecy + i) (1a)
Oy +es—=05 (23)
H,O + hjyy > HO® + H* 3)
HO* + HO*—>H,0, (€]
H,0,+ 05" - HO® +HO™ + 0, (5)
H,0,+e¢” — HO® + HO™ (6)

Ag NPs (03~ ,HO", hiy, or HO})—Degraded Products 7)
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Fig. 3. (A-B) TEM images, (C) histogram representing the number-based distribution of the mean core diameter of the Ag-NPs (Scale bar: 50 nm), and (D) EDAX

spectrum of biosynthesized Ag-NPs.
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3.1.6. Stability of Ag-NPs

The catalysts lifetime is an important parameter of the photocatalytic

process because its use for longer period of time leads to a significant

cost reduction of the treatment. For this reason, the catalyst was recycled
which showed a drop in efficiency from 90% (1st cycle) to 94% (3rd
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Fig. 5. Proposed photocatalytic degradation mechanism of MB and CV using
Ag-NPs.

cycle) for both MB and CV dyes as shown in Fig. 6. These results indi-
cated that Ag-NPs catalyst remained effective and reusable under solar
light.

3.2. Antibacterial activity

Regarding the microbial assay, Fig. 7A-B illustrate Petri plate pho-
tographs used in the agar well diffusion test (with the inhibition zones)
allowed monitoring of the antimicrobial activity of the biosynthesized
AgNPs and other treatments against the S. aureus and E. coli, respec-
tively. As seen in Fig. 7C-D, except for the “negative control” group, all
treatments exhibited antimicrobial actions against the evaluated mi-
croorganisms. For S. aureus, we observed that biosynthesized Ag-NPs up
to 100 pg/mL showed antimicrobial activity superior to that exhibited
by NPs at a concentration of 50 pg/mL (an increase of 80.6%) and to that
induced by chloramphenicol (positive control, up to 100 pg/mL), whose
increase was >22%. On the other hand, the zone inhibition diameter
values recorded for E. coli reveal similar antimicrobial activity between
the biosynthesized Ag-NPs and aqueous extract groups (for both con-
centrations tested). More expressive antimicrobial activity of chloram-
phenicol (Fig. 7B). Therefore, these results reveal the potential
antimicrobial activity of biosynthesized Ag-NPs (up to 100 pg/mL) ac-
tivity against Gram-positive bacteria.

3.3. Antioxidant activity

The results of the DPPH radical scavenging activity and the reducing
power assays of biosynthesized Ag-NPs are shown in Fig. 8A-B,
respectively. In both assays, the Ag-NPs showed higher antioxidant ca-
pacity than the aqueous extract of E. viscosus at all concentrations tested.
The antioxidant activity of Ag-NPs was, on average, higher than 58%
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about the treatment with the aqueous extract. Furthermore, we noticed
that the antioxidant action of biosynthesized Ag-NPs, as well as for the
aqueous extract and ascorbic acid, was concentration-dependent in both
assays (Fig. 9A-B).

3.4. Larvicidal activity

Regarding larvicidal activity, we observed the interaction between
the factors “larval development stage” and “concentrations” in the
mortality rate of Ae. aegypti larvae induced by biosynthesized (Fig. 10A).
For larvae of all stages evaluated (first to fourth instar stage) (Fig. 10B),
we also observed a concentration-dependent effect (Fig. 10C). While for
the larvae of the first, second, and third instar stages, an average mor-
tality rate of 85.2% was observed in animals exposed to Ag-NPs (to 250
pg/mL); in fourth instar larvae, the highest concentration of NPs
induced the death of more than 90% of the animals (Table 1). The LCsg
and LCqq results were written as follows: LCsg = 9.629, 6.969, 4.509,
and 4.009 pg/mL; LCqy = 12.420, 8.374, 7.401, and 6.626 pg/mL,
respectively (Table 1). No death could be documented in the control
group.

3.5. Histopathological analysis

Histopathological investigations of 4th instar Ae. aegypti larvae
exposed to biosynthesized Ag-NPs (at 250 pg/mL) displayed structural
changes in the digestive system, the midgut, and the cortex. These
changes included hyperplasia of gut epithelial cells, a broken brush
border, ruptured membranes, and the presence of cytoplasmic clusters
(Fig. 11A). Control (untreated) larvae had a single layer of gastric cells
with well-developed brush surfaces, cell membranes, and cytoplasm
areas in the midgut cells (Fig. 11B).

3.6. Toxicity studies on zebrafish embryo

The toxicity evaluation of biosynthesized Ag-NPs to zebrafish em-
bryos in vivo revealed a significant impact of the nanomaterials only at
concentrations of 500 and 1000 pg/L. In these groups, we observed a
significant reduction in the hatching rate of eggs (Fig. 12A), a negative
impact on the growth of the animals (inferred by body length)
(Fig. 12B), as well as changes in the heartbeat (Fig. 12C). Furthermore,
zebrafish embryos exposed to Ag-NPs exceeding 500 pg/mL exhibited
visible abnormalities, such as a bent spine, egg aggregation, tail defor-
mation, and hatching delay between 8 and 120 h post fertilization
(Fig. 12). Such abnormalities may explain the low survival rate of ani-
mals in groups exposed to Ag-NPs at 500 and 1000 pg/mL compared to
the control group and other NP concentrations (Figs. 13 and 14).

4. Discussion

Various attempts to synthesize silver, gold, titanium, and zinc oxide
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Fig. 6. Recycling and stability tests of Ag-NPs for degradation of (a) MB and (b) CV dyes.
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NPs, etc., utilizing bio-based components, including fungi, bacteria,
algae, protein, plants, and others, resulting from the increasing influence
of green manufacturing techniques (Srikar et al., 2016). NPs are used in
many different biological disciplines. Hence new research is being done
on their synthesis utilizing different materials in distinct shapes and
sizes, namely platinum, palladium, silver, and gold. Ag is an excellent
metal that is best for use in biological, medical, and systems, as well as
biological ones (Tiri et al., 2022). The present study mainly focused on
the eco-friendly nano-synthetic approach to biomedical Ag-NPs. Color
changes, UV-Vis, FTIR spectroscopic measurements, EDAX, and TEM
analysis are characterized by biosynthesized Ag-NPs. Reducing Ag +

ions to Ag is necessary for the synthesis of AgNO3_ The ingredients of leaf
extract reduce agents in the production of silver NPs. The present study
has effectively developed a green synthetic approach for producing sil-
ver nanoparticles using aqueous E. viscosus leaf extract. The first sign of
the production of silver NPs is the investigation’s shift in the color of the
leaf extract mixture from greenish yellow to dark brown. This color
change was observed after adding a solution of silver nitrate to the
aqueous extract solution of Nigella sativa and Hibiscus sabdariffa (Mar-
es-Briones et al., 2019; Karimi et al., 2022). A surface plasmon resonance
(SPR) absorption band was detected in the UV-vis spectrum between
390 and 530 nm, which is typical for metal Ag-NPs (Oliver et al., 2018).
The SPR of silver NPs was observed at 435 nm. Similarly, Ntoumba et al.
(2019) showed that the UV-vis spectroscopy at 430 nm detected the
Psidium guajava-produced Ag-NPs. Recently, Nawabjohn et al. (2021)
reported that the Cassia tora seed extract-derived Ag-NPs displayed a
strong band at 423 nm in UV-vis spectroscopy.

The FTIR measurement helps to determine potential biomolecules
that bind and effectively stabilize metal nanoparticles. The current data
clearly demonstrated the role of polyphenols, carboxyl, amine groups,
and amino acid residues in forming Ag-NPs. According to a previous
study by Loi et al. (2020), plants have bioactive components such as
saponin, quinone, protein, phenols, and flavonoids that efficiently
attach to silver NPs via either amine groups or cysteine remains in the
proteins, stabilizing the Ag-NPs in the process. Diana and Mathew’s
(2022) research shows that the efficient groups C=0, O-H, and N-H in
amino acids and proteins have a strong affinity for binding to metals to
make highly stable nanoparticles (NPs). This demonstrates that the
terpenoids, which have amine groups, alcohols, carboxylic acids, and
chemical bonding in their alkanes, are encircled by many proteins and
bioactive compounds, mainly the extract-derived Ag-NPs. Another study
has assigned that the peak at 235lcm-1 is due to -C—=C- alkynes
stretching. This signifies that secondary plant metabolites like flavo-
noids, which are water soluble, may cap silver nanoparticles. The cur-
rent study shows that, in the absence of additional potent ligating agents
in adequate concentration, flavanones or terpenoids adsorbed on the
surface of metal nanoparticles, potentially through interaction through
carbonyl groups or n-electrons. Earlier, Kaur et al. (2022) hypothesized
that the terpenoids may contribute to the reduction of metal ions by
oxidizing the molecules’ aldehydic groups to carboxylic acids while
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Fig. 9. Analise de correlacao entre as concentracoes of biosynhesized Ag-NPs and atividade antioxidante observada pelo (A) DPPH and (B) reducing power assays.

investigating the production of metal oxide nanoparticles by various
plant leaf extracts. Generally, the bio ingredients that maintain Ag-NPs
interact with metallic ions through these amino acids. This action leads
Ag to be converted to nanoparticle form. The carboxyl groups of amino
acids and proteins can connect metals and inhibit their agglomeration,
according to Elumalai et al. (2017). Interestingly, it has been suggested
that biological materials like nucleic acids can mediate the production of
Ag-NPs by serving as reducing agents (Ahmad et al., 2019).

The XRD spectrum of the materials must be studied to determine the
specific nature of the silver particles synthesized. The XRD spectrum has
demonstrated the face-cantered cubic (fcc) structure and crystalline size
of the synthesized Ag-NPs. Present results, XRD analysis displayed
strong peaks agreeing to (111), (200), (220), and (311) Bragg’s reflec-
tion built on the structure of silver NPs. Similar results in silver NPs are
synthesized using Camellia sinensis extract (Gol et al., 2020). Fascinat-
ingly, Zhang et al. (2020) analyzed the Flammulina velutipes Ag-NPs and
found that they displayed XRD peaks at 20 values of 38.2°, 44.3°, 64.7°,
and 77.9°. Transmission electron microscopy (TEM) was used to deter-
mine the surface morphology of the material and provide informa-
tion/data on Ag-NPs. The TEM images clearly display the oval and
spherical-like structure with irregular arrangements. The synthesized
NPs were confirmed to have a diameter of around 2-13 nm and to be
globular in shape. Similar findings indicate that the Ag-NPs from Bau-
hinia purpurea is primarily spherical, with an average size of 16.8 nm and
a range of 7.5-25 nm (Chinnappan et al., 2018). EDAX spectra provide
qualitative and quantitative data about the sample’s elemental content.
The EDAX spectra allow us to conclude that the sample lacks other
substances, such as impurities or adducts. The number of elements
present in the synthesized samples is associated with the intensity of the
spectra. The energy dispersive spectroscopy (EDAX) shows a high signal
for Ag, whereas minor signs have been seen for carbon, chloride, and
oxygen. The EDAX spectrum of Ag-NPs shows clear peaks of Ag, C, and O

10

with a weight percentage of 54%, 24%, and 9%, respectively (Renuka
et al., 2021). Similarly, Hemlata et al. (2020) investigation of Cucumis
prophetarum aqueous extract-mediated manufactured silver nano-
particles demonstrated a high silver absorption peak at 3 keV due to
silver being one of the main elements.

The antibacterial effects of Ag-NPs were investigated against human
clinical pathogens using the well diffusion method. The outcomes of the
E. viscosus synthesized Ag-NPs have effective antibacterial activity
against S. aureus and moderate growth inhibition against E. coli. Silver’s
capability to inhibit bacterial growth has been known for decades (Dridi
et al., 2022). Silver ions are highly effective against human pathogenic
bacteria, even at minimal concentrations. The antibacterial activity of
silver particles is influenced by particle size, in contrast to the bacteri-
cide impacts of silver ions. The minimal particles have higher antimi-
crobial action (Liao et al., 2019). Gram -ve bacteria E. coli observed the
highest zone of inhibition at 15 mm in 100 pg of Ag-NPs. In the case of
50 pg/mL concentration, both strains had a small zone of inhibition less
than 15 mm in diameter. Similar outcomes were found by Rizwana et al.
(2022), which may be related to the Gram-negative bacteria’s thinner
cell walls, which are made up of a single layer of peptidoglycan. Gram +
ve bacteria have thick cell walls of multiple layers of peptidoglycan,
which impede Ag-NP transport and penetration (Miri et al., 2015; Yin
et al., 2020). The silver metal ions produced by Ag-NPs contribute
strongly to alteration in the structure of bacteria’ membranes, which in
turn impact the bacteria’s membrane permeability to increase and ul-
timately lead to cell death (Zhao et al., 2022; Li et al., 2022). Ag + ion
releases from Ag-NPs may affect biological macromolecules, including
phospholipids, proteins, and nucleic acids, to be damaged, increasing
the antibacterial potency of Ag-NPs (Taran et al., 2016). The formation
of gaps or pores in the bacterial membrane or cell wall is probably
triggered by an electrostatic interaction between the positive charge of
Ag + ions and the negative charge of the bacterial cell wall (Alavi et al.,
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Fig. 10. (A) Mortality rate of Ae. aegypti larvae exposed to biosynthesized Ag-NPs at different concentrations and (B) representative images of different larval stages
of Ae. aegypti. (C) Correction analysis between mortality rate and concentrations of Ag-NPs. In “A”, bars indicate the mean +standard deviation. Summaries of
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Table 1
Larvicidal activity (against Ae. aegypti larvae) of the synthesized Ag-NPs from E. viscosus.
Larval stages Concentrations of biosynthesized AgNPs (pg/mL) 24-h mortality (%) LCsp (pg/mL) LCqp (pg/mL) ¥ (df = 4)
+ SD? (LCL- UCL) (LCL- UCL)

1st instar Control 0.0 £ 0.0 9.269 (2.281-13.643) 12.420 (4.478-19.054) 8.324*
50 39.6 £ 0.5
100 45.3 £ 1.0
150 57.0 £ 1.0
200 70.0 + 1.0
250 83.6 + 0.5

2nd instar Control 0.0 £ 0.0 6.798 (3.916-13.954) 8.374 (5.256-17.715) 7.298*
50 42.3+ 0.5
100 55.0 £ 1.0
150 67.6 + 0.5
200 74.0 £ 1.6
250 87.2+ 0.5

3rd instar Control 0.0+ 0.0 4.509 (2.981-10.514) 7.401 (3.240-14.520) 4.931*
50 45.1 + 1.0
100 57.30 + 0.5
150 62.5 + 0.5
200 75.0 £ 1.6
250 85.0 + 1.3

4th instar Control 0.0+ 0.0 4.009 (2.505-9.676) 6.626 (3.102-12.163) 4.210*
50 48.0 + 1.0
100 64.0 + 1.0
150 74.0 £ 1.0
200 85.5+ 1.5
250 925+ 1.5

Note: Control- Nil mortality, *Mean value of five replicates, *p <0.05, level of significance. LCso and LCgy: lethal concentration that kills 50% and 90% of the exposed
larvae, UCL: upper confidence limit, LCL: lower confidence limit, y% chi-square, df: degree of freedom.
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Fig. 11. Photomicrographs representative of histological profiles observed in the 4th instar of Ae. aegypti larvae — (A) unexposed and (B) exposed to biosynthesized
Ag-NPs (at 250 pg/mL). Note: epi: gut epithelium, nu: intact neuropile, gc: damaged gastric enteric) caeca, bb: brush border, fb: food bolus, lu: gut lumen.

150 . T r r -
One-way ANOVA test
. F-value = 104.0; p-value < 0.0001
X
£ 100 a N 5 3
| a
=2 ——
<
= b
3]
= 50
>
c
0 T T T T T T T
Control  0.25 0.5 50 250 500 1000
Concentrations (pg/mL)
6 - : T T T T T
One-way ANOVA test
’:\ F-value = 177.1; p-value < 0.0001
-
2 44 2 2 a a a 1
%0 b
=
=
= 94 ]
i
S e
o]
0 T T T T T T T
Control  0.25 0.5 50 250 500 1000
Concentrations (pg/mL)
250 - T T . - - -
One-way ANOVA test
= 200 F-value = 69.63; p-value < 0.0001
‘g = 4 ! i
N a
= 150 = b
§ T
= 100
]
L
= 50 -C..
0 T T T T T T T
Control  0.25 0.5 50 250 500 1000
Concentrations (pg/ml)

Fig. 12. (A) Hatchability, (B) body length, and (C) heartbeat of zebrafish
(Danio rerio) embryos exposed or unexposed to biosynthesized Ag-NPs in
different concentrations. Bars indicate the mean +standard deviation. Sum-
maries of statistics are displayed at the top of the graphs. Distinct lowercase
letters indicate significant differences between the experimental groups.
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2019; Maleki et al., 2021).

Silver nanoparticles produced from a plant extract have also been
studied for their capacity to neutralize free radicals. Ag-NPs produced
from the aqueous leaf extract of E. viscosus demonstrated greater anti-
oxidant activity in the DPPH assay than the aqueous leaf extract, despite
the leaf extract’s higher phenol concentration. These results, which are
in good agreement with Pantoea anthophila synthesized silver NPs also
exhibited antioxidant activity, which was determined using DPPH
radical scavenging assays (Nirmala and Sridevi, 2021). The results
showed that increasing concentrations of both aqueous extract and
Ag-NPs enhanced their antioxidant potential. However, compared to
ascorbic acid/reference, aqueous and Ag-NPs produced slightly less
activity. Similarly, Jahan et al. (2021) reported that the Malus domestica
and Cuminum cyminum-derived silver nanoparticles had higher antioxi-
dant activity in DPPH and ABTS. Rajkumar and Sundar (2022) recently
observed that the fabricated silver nanoparticles from Persea americana
seed extract exhibited powerful DPPH free radical scavenging ability.

To the best of our scientific knowledge, the present study’s first
investigation on the biosynthesized E. viscosus Ag-NPs was evaluated for
its efficacy against 1st to 4th instar larvae of Ae. aegypti. The larvae were
exposed to various concentrations (50-250 pg/mL) of silver nano-
particles, and 4.09 pg/mL was recorded as the LCsg value. Rajput et al.
(2020) revealed the bio-larvicidal activity of Ag-NPs against targeted
larvae. Based on their outcomes, the maximum larval death was
observed in the synthesized Ag-NPs against 1st to 4th instar larvae LCsq
(9.62, 6.96, 4.59, 4.00 pg/mL, respectively), LCyo (12.42, 8.37, 7.40 and
6.62 pg/mlL). In the present investigation, the biosynthesized Ag-NPs
from the leaf extract of E. viscosus noticed effective larvicidal activity
against Ae. aegypti. Therefore, the larvicidal activity of silver NPs may be
influenced by the inactivation of phosphorous/sulfur-containing pro-
teins or DNA, which consequently results in the dissociation of organ-
elles and enzymes and shrinks cellular membrane fluidity and ATP
synthesis, ultimately due to the destruction of cellular function and cell
death (Mondal et al., 2022). Nanomaterials are employed in various
pharmaceutical, industrial, and biomedical applications, and their size
and shape are essential (Sap-lam et al., 2010). Satsangi and Preet (2021)
recently reported that the Nyctanthes arbortristis synthesized Ag-NPs
exhibited the highest efficacy against three targeted mosquito vectors.
Ag-NPs can attach to substances like DNA that contain sulfur or phos-
phorus, denature those substances or inhibit the activity of certain en-
zymes, and therefore reduce the membrane’s permeability. The larval
membrane is thus destroyed due to the changing proton motive force
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Fig. 13. Microscopic images showing morphological changes in zebrafish (Danio rerio) embryos between (A) control and (B) exposed to biosynthesized Ag-NPs
(1000 pg/mL) at 24, 48, 72, and 96 hpf time intervals. Blue arrow noticed malformations. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 14. Percentual survival of zebrafish (Danio rerio) larvae exposed or un-
exposed to synthesized Ag-NPs at different hours post fertilization
time intervals.

(Barua et al., 2016). Al-Hakimi et al. (2022) recently reported that the
Nerium oleander-mediated synthesis of Ag and Au nanoparticles evalu-
ated larvicidal activity against Ae. aegypti with the least LCso, 36.07, and
46.64, respectively.

The photocatalytic action is highly dependent on the crystal lattice,
shape, and size of the metal NPs, as well as sunlight-induced color
degradation (Mechouche et al., 2022; Balamurugan et al., 2022). One of
the fundamental techniques for treating dye effluent is photocatalysis.
After radiation exposure, electrons from the valence band to the con-
duction band generate electron-hole pairs. The dye was converted
entirely into nonhazardous compounds due to the oxidizing effects of
the resultant hydroxyl radical (CO3, H20, etc.) Marimuthu et al. (2020).
A different amount of Ag-NPs was tested with high quantities of meth-
ylene blue and crystal violet. The greatest absorption rate in the present
research was found at 595 nm for methylene blue and 595 nm for crystal
violet. Similarly, Madhu et al. (2022) investigated that the Praecitrullus
fistulosus fruit extract produced Ag-NPs exhibit strong photocatalytic
activity against methylene blue and trypan blue under sunlight irradi-
ation. This graph shows the relationship between time and dye con-
centration at various periods after 3 h of exposure to visible light.
Periyasami et al. (2022) recently investigated that the Euphorbia gran-
ulata synthesized Ag-NPs showed promising catalytic properties against
methylene blue and methylene orange organic dyes. Likewise, Kumar
et al. (2013) have investigated the degradation of methyl orange dye
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using Ag-NPs produced from Ulva lactua. Additionally, many phyto-
chemicals found in plant extracts and even on the surfaces of nano-
particles work as catalysts to boost photocatalytic activity, resulting in a
more efficient breakdown of dye components. Astragalus flavesces-me-
diated produced Ag-NPs were tested using methylene blue under solar
light irradiation, and 69% degradation was seen after 24 h, according to
Sahin Yaglioglu et al. (2022).

The most widely used vertebrate model animal, zebrafish, is found in
freshwater ponds, creeks, and lakes. It is one of the organisms used in
ecotoxicity tests which is the most delicate (Nagalingam et al., 2018).
The zebrafish is an ideal animal model for examining toxic substances’
impact on the visual system’s growth. To measure the deleterious effects
on zebrafish embryos, using varying concentrations of silver NPs were
conducted. To assess the potential toxicity of zebrafish (Danio rerio)
embryo exposure to various concentrations of biogenically produced
Ag-NPs by measuring mortality and hatching rate (0.25-500 pg/mL and
1 mg/mL). At a higher concentration of 1 mg/mL, a decrease in the
heartbeat, body length, and hatching percentage is observed for the
Ag-NPs.

Similarly, Qiang et al. (2020) have observed that Ag-NPs exposed to
zebrafish embryos exhibited decreased body length compared to un-
treated groups. The biogenic-produced Ag-NPs were provided to Danio
rerio at a concentration of 500 pg/mL, and no harmful effects were seen.
The current observations supported past studies’ findings that exposure
to Ag-NPs would harm fish eggs and provide health risks at greater
concentrations (Lee et al., 2022). The schematic for the entire produc-
tion of biogenic Ag-NPs, their characterization, and capping confirma-
tion utilizing distinct approaches in combination with E. viscosus
aqueous extract is presented in Fig. 15.

5. Conclusion

Here, it is first reported that E. viscous leaf extract was used to
generate Ag-NPs successfully. The FTIR results demonstrated that the
leaf extract has a good prospect for use as an agent for stabilizing and
capping Ag-NPs. The structure of the Ag NPs was determined using
UV-Visible, FTIR, XRD, TEM, and EDAX spectra. TEM photographs
showed that most particle sizes are between 2 and 13 nm. The higher
larvicidal activity (90%) was obtained at a maximum concentration of
Ag-NPs. Histological profiles were altered while treating with Ag-NPs at
maximum doses. The findings of the antibacterial activity test reveal
that Ag-NPs have a significant capacity to inhibit the growth of S. aureus
and E. coli. Ag-NPs had an average antioxidant (DPPH and FRAP) ac-
tivity of more than 58%. Furthermore, in vivo toxicity of fabricated Ag-
NPs was efficiently evaluated using zebrafish embryos and larvae (Danio
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Fig. 15. Schematic for making biogenic AgNPs, characterization, and capping determination using various procedures in combination with E. viscosus

aqueous extract.

rerio) model various hours post-fertilization. Our outcomes exhibited
that minimal concentrations of the Ag-NPs didn’t display severe toxicity
to the zebrafish embryos. As future investigative perspectives, we
recommend expanding biomarkers of toxicity of biosynthesized Ag-NPs
in A. aegypti mosquito larvae (e.g., genotoxic, mutagenic, molecular
effects, etc.) and that assessments of the possible impact of NPs on adult
individuals be performed. On the other hand, the potential use of bio-
synthesized Ag-NPs for pollutant remediation should encompass as-
sessments that include pollutants, such as heavy metals, pesticides, and
pharmaceuticals, commonly identified in domestic and industrial ef-
fluents. In future work, other NPs-based antibacterial materials can be
synthesized using E. viscosus, and the effect on other bacteria can be
analyzed. The Ag-NPs can be applied and developed as environmentally
friendly and efficient nanocatalysts in wastewater treatment.
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