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Abstract 
The development of multifunctional nanoparticles through green synthesis is an important advancement in 
nanotechnology, addressing the growing need for effective antimicrobial agents against drug-resistant 
pathogens and efficient photocatalysts for environmental remediation, while also necessitating thorough eco-
toxicological assessments to ensure their safe application, particularly in sensitive ecosystems like fisheries. In 
this study, we investigated the antimicrobial activities, photocatalytic activity and eco-friendly assessment on 
zooplankton crustacean Artemia salina and phytochemical properties of biosynthesized zinc oxide 
nanoparticles using aqueous fruit extract of Annona muricata (Am-ZnO NPs). The synthesized Am-ZnO NPs was 
characterized using UV–visible spectroscopy, X-ray diffraction (XRD), Fourier transform infrared (FTIR) 
spectroscopy and transmission electron microscopy (TEM). XRD analysis revealed the crystalline nature of Am-
ZnO NPs. TEM analysis showed that the Am-ZnO NPs were spherical in shape with a size between 50 and 100 
nm. In addition, Am-ZnO NPs showed antibacterial and antibiofilm activity against multiple drug resistance 
(MDR) Gram positive, Enterococcus faecalis bacteria. Am-ZnO NPs showed significant photocatalytic activity 
against two different organic dye pollutants namely methylene blue and acridine orange under both sunlight 
and UV light exposure. Ecotoxicity assessment of Am-ZnO NPs (25, 50, 75, and 100 μg mL

–1
) showed no toxicity 

against non-targeted marine crustacean Artemia salina at low concentration and slightly toxic at high 
concentration (100 μg mL

–1
). Together, the results suggest the potential application of Am-ZnO NPs against 

multiple drug resistance microbes and photocatalytic activities.   
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1 | INTRODUCTION 
The management of infectious diseases in human medi-
cine, veterinary practice, and agriculture, including aqua-
culture, is fundamentally dependent on antimicrobial 
agents. For more than 50 years, antibiotics have been 
extensively used in aquaculture, not only for treating ac-

tive bacterial infections in aquatic species but also for 
disease prevention and as growth promoters to enhance 
productivity in yield (Khan et al. 2024). This widespread, 
improper use and incorrect usage of antibiotics is a prin-
cipal cause of developing antimicrobial resistance, it 
caused severe economic loss and a critical global health 
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crisis (Deekshit et al. 2022). In the healthcare setup, a 
great example of the Gram-positive bacterium Enterococ-
cus faecalis is a major cause of nosocomial infection, 
which causes chronic and hard-to-treat infections (Tamrat 
et al. 2025). This problem is compounded by the ability of 
pathogenic bacteria to form resistant biofilms, which are 
structured communities encased in a protective extracel-
lular matrix. In aquaculture, biofilm-associated infections 
lead to significant stock losses and huge economic losses 
in productivity, while in clinical settings, they cause per-
sistent, recurrent infections that are extremely difficult to 
eradicate and contribute to high mortality rates (Rama-
samy and Lee 2016; Vijayakumar et al. 2017). This dual 
challenge highlights an urgent need for researchers to 
find out the innovative, effective, and sustainable alterna-
tives to conventional antimicrobials. 

In this response, plant-derived phytocompounds 
have gained considerable attention from worldwide re-
searchers to find out a promising, biocompatible alterna-
tives due to their diverse bioactive properties of phyto-
chemicals (Riaz et al. 2023). Among these, Annona muri-
cata (also called soursop), a tropical evergreen plant, is 
notable for its extensive use in ethnomedicine of indige-
nous people in Africa and South America. It has a wide 
range of documented therapeutic activities, including 
anticancer, antimalarial, and antimicrobial effects 
(Moghadamtousi et al. 2015; Patel and Patel 2016). Sim-
ultaneously, nanotechnology offers transformative poten-
tial for disease control. In recent times, engineered nano-
particles in particular metal nanoparticle, have estab-
lished a lot of attention from the scientists (Khan et al. 
2024). Among various nanoparticles, zinc oxide nanopar-
ticles (ZnO NPs) are very important due to their exclusive 
physicochemical properties, biocompatibility, and regula-
tory recognition as safe application (Rasmussen et al. 
2010). These nanoparticles are already utilized in con-
sumer products for their UV-blocking and inherent anti-
microbial properties (Newman et al. 2009; Hatamie et al. 
2015). Integrating these fields, the green synthesis of ZnO 
NPs using plant extracts like A. muricata leverages natural 
phytochemicals as reducing and stabilizing agents, offer-
ing an eco-friendly route to functional nanomaterials 
(Somu and Paul 2019). 

However, the safe utilization of nanomaterials in the 
aquatic ecosystem needs severe ecotoxicological evalua-
tions. For this situation, Artemia salina (also called brine 
shrimp) serves as a vital laboratory model. This micro-
crustacean, well adapted organism to the harsh condi-
tions of high saline environments, which impose signifi-
cant survival and reproductive pressures. As an important 
live feed organism in aquaculture, also widely accpeted as 
a standard laboratory model organism, particularly in 
ecotoxicological studies. Artemia salina is extensively 
used to assess the cytotoxicity or bioactivity of both natu-
ral and synthetic compounds by various researchers (Ra-

jabi et al. 2015; Libralato et al. 2016; Lantushenko et al. 
2023). Despite its frequent use, limited studies have em-
ployed A. salina to evaluate the biosafety of nanomateri-
als synthesized using A. muricata extracts. Therefore, this 
study aims to biosynthesize zinc oxide nanoparticles using 
an aqueous fruit extract of A. muricata and evaluate their 
antibacterial, antibiofilm, and photocatalytic activities.  
Additionally, the ecotoxicological assessment done with 
A. salina to find out the suitability for potential applica-
tions in sustainable aquaculture. 
 
2 | METHODOLOGY 
2.1 Sample collection 
The fruit of A. muricata were brought from the local mar-
ket in the Al Qassim region of Saudi Arabia. The A. muri-
cata fruit was mechanically ground, shade dried, and put 
through a 50-mesh sieve before being processed. In a 
Soxhlet apparatus, 50 g of dry powder was filled, and it 
was sequentially extracted with 90% ethanol (1:10 ratio) 
for 24 hours. A rotary evaporator was used to concen-

trate the extract at 400C (R-3 Rotavapour). The concen-

trated extract was vacuum-lyophilized at –55C to pro-
duce dry powder. The 6.5 g of dried ethanol extract ob-
tained was stored for phytochemical screening in the re-
frigerator. 
 
2.2 Preliminary phytochemical analysis of A. muricata 
Qualitative assessment of terpenoids, steroids, saponins, 
proteins, flavonoids, carbohydrates, and phenolic com-
pounds in the A. muricata fruit extract was determined 
through preliminary phytochemical analysis. 
 

2.3 Synthesis of A. muricata fruit extract coated ZnO NPs 
For the synthesis of A. muricata fruit extract coated ZnO 
NPs (Am-ZnO NPs), 50 mL of 0.1 M zinc acetate dihydrate 
was prepared using deionized water. Upon complete dis-
solutions, the extract was added dropwise to the solution. 
The precipitate is formed by continuous stirring at 30 
minutes. The pH was adjusted to 5 through the entire 
process. This mixture was placed on magnetic stirrer at 

80C for 3 hours until white precipitation was formed. 
This indicates the reduction of zinc oxide. After that, the 
mixture was centrifuged at 7000 rpm for 10 minutes. The 
supernatant was discarded, the pellet was rinsed with 
distilled water. The pellet was transferred to a petri dish 

and dried in a hot-air oven at 80C till the water content 
was fully evaporated. The resulting dry powder was then 
collected, it was ground on motor pestle to remove any 
lumps and weighed. This powder was then calcinated (at 

300C) in muffle furnace for complete reduction for 30 
minutes (Ramanarayanan et al. 2018). 
 

2.4 Physio-chemical characterization of Am-ZnO NPs 
2.4.1 UV-visible spectroscopic analysis: For spectroscopic 
analysis, 1 mL of the Am-ZnO NPs reaction mixture was 
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withdrawn. Its absorbance was measured using a UV-
visible spectrophotometer across a wavelength range of 
300 nm to 800 nm. UV-visible spectrum analysis was per-
formed in a UV-visible spectrometer (UV-1800, Shimadzu, 
Japan). 
 
2.4.2 X-Ray diffraction (XRD) analysis: The crystalline 
nature of the synthesized Am-ZnO NPs was analyzed us-
ing X-ray diffraction (XRD). The nanoparticles were first 
centrifuged, washed, and air-dried. The resulting powder 
was then coated onto a glass slide and analyzed using a 
PAN analytical XRD analyzer (X pert PRO) operating in 
transmission mode with Cu Kα radiation (λ = 1.5406 Å) at 
40 kV and 30 mA. 
 
2.4.3 Fourier transform infrared spectroscopy (FTIR) 
analysis: Fourier transform infrared (FTIR) spectroscopy 
was employed to analyze the functional groups of the 
biosynthesized Am-ZnO NPs. For analysis, two milligrams 
of Am-ZnO NPs were thoroughly mixed with 200 mg of 
potassium bromide and pressed into a pellet under hy-
draulic pressure. The pellet was then placed in the spec-
trometer sample holder, and the FTIR spectrum was rec-
orded at a resolution of 4 cm

–1
. 

 
2.4.4 Transmission electron microscopy (TEM) analysis: 
To determine the grain shape and size of the nanoparti-
cles TEM analysis was carried out. The microscopic struc-
tures of nanoparticles were analyzed through TEM analy-
sis. 
 
2.4.5 Bacterial strains: Gram-positive E. faecalis bacteria 

were kept at –80C in LB broth medium with sterile 80% 
glycerol. A sterile inoculation needle was used to scrape 
the frozen surface of the culture, and it was then immedi-
ately put into 2 mL of nutritional broth. In an orbital shak-

er, the bacteria were allowed to grow overnight at 37C. 
The well-grown culture was used to examine the antibac-
terial and antibiofilm activities following incubation. 
 
2.5 Antioxidant activity 
2.5.1 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay: The 
antioxidant capacity of Am-ZnO NPs was evaluated using 
a DPPH assay. The ability of Am-ZnO NPs-based nanopar-
ticle to scavenge free radicals was evaluated using the 
stable free radical indicator DPPH. Using ethanol as the 
medium, 50 mL of 0.1 mM DPPH free radical solution was 
created. Am-ZnO NPs were added to 100 µL of a DPPH 
solution at various concentrations (25, 50, 75, and 100 µg 
mL

–1
). Ascorbic acid and a DPPH solution without nano-

particles were considered as the positive and negative 
controls, respectively. To prevent photolytic degradation, 
the microplate was wrapped in aluminum foil and incu-
bated in the dark. The titer plate reader set to 517 nm 
was used to detect absorbance after 30 minutes. The free 

radical scavenging activity was calculated using the fol-
lowing formula, 

% of Inhibition= [(A blank – A sample)/A blank] × 100 
Where A blank is an absorbance without samples and A 
sample is an absorbance in the presence of samples. 
 
2.6 Antibacterial assay 
The antibacterial activity of Am-ZnO NPs against the 
Gram-positive bacterium E. faecalis was evaluated using 
the agar well diffusion method, as described by Vinotha 
et al. (2019) with slight modifications. Concisely, nutrient 
agar plates were prepared by pouring approximately 20 
ml of molten agar into each Petri dish and allowing it to 
solidify. After solidification, a standardized microbial sus-
pension (10 µL) were inoculated over the culture media 
using sterile cotton swabs. Wells of uniform diameter 
were then aseptically created in the inoculated culture 
plate using a sterile well borer. Subsequently, different 
concentrations of Am-ZnO NPs (25, 50, 75, and 100 µg 
mL

–1
) were introduced into the corresponding wells. The 

plates were incubated at 37C for 24 hours, after which 
the diameters of the zones of inhibition of each were 
measured, recorded the results in millimeters. 
 
2.7 Antibiofilm activity 
The in vitro antibiofilm activity of Am-ZnO NPs was tested 
against bacterial biofilms grown on glass pieces. For this 
assay, a bacterial strain of E. faecalis was cultured in a 24-
well plate. To provide a surface for adherence, small glass 
pieces (1×1 cm) cut from a glass slide were placed in each 
well. A 10 µL aliquot of the culture was added to the re-

spective wells, which were then incubated at 37C for 24 
hours to allow biofilm formation. The developed biofilms 
were then treated with Am-ZnO NPs at various concen-
trations (25, 50, 75, and 100 µg mL

–1
), and the plate was 

incubated overnight. Following incubation, the spent 
broth was carefully aspirated, and the biofilms were 
stained with crystal violet for one hour. After staining, 
excess dye was removed, and the bound crystal violet 
was solubilized with acetone for spectrophotometric 
quantification. Finally, the glass pieces were observed 
under a light microscope to visualize biofilm disruption. 
 
2.8 Photocatalytic activity of Am-ZnO NPs 
The photocatalytic evaluation checker models are meth-
ylene blue and acridine orange as the test dye to be de-
graded (Frunza et al. 2018). 10 ppm of respective dyes 
was treated with 10 mg mL

–1
 of Am-ZnO NPs under sun-

light and UV irradiation. The degradation of total organic 
carbon from the selected dye pollutant was estimated at 
different time intervals. The percentage of degradation 
was calculated as follows, 

% of degradation = C0 – Ct / C0 × 100 
Here, C0 and Ct stands for absorbance of initial and final 
concentration of dye respectively. Moreover, the pseudo 
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first order kinetics was adopted to calculate the constant 
rate kinetics. 

Pseudo first order kinetics = In [C0 / Cf] = kt 

Here, C0 and Cf stand for initial and final dye concentra-
tion; k means degradation constant; t means time. 
 
2.9 Toxicity against non-targeted organisms 
Toxicity against non-targeted organisms refers to the 
harmful effects of a substance on organisms other than 
the intended target. Non-target organisms encompass 
beneficial species, including pollinators, natural preda-
tors, and those essential for ecosystem functioning and 
commercial activities of fisheries. Artemia salina, also 
known as brine shrimp, serves as a well-established mod-
el organism in toxicological studies due to its sensitivity to 
various environmental stressors and chemicals (Rajabi et 
al. 2015). Additionally, A. salina is an essential component 
of the food chain, serving as a primary live feed in aqua-
culture and a natural food source for various larval fish in 
wild fisheries. Evaluating the toxicity on A. salina thus aids 
in understanding potential bioaccumulation and biomag-
nification effects, which can have extensive consequences 
on higher trophic levels and the sustainability of aquatic 
food resources (Libralato et al. 2016). 
 
2.9.1 Culture of A. salina: Artemia salina cysts were 
bought commercially (Ocean Star International) and 

stored at 4C prior to use. The organisms were cultured 
according to the standard protocol established by 
Veeramani and Baskaralingam (2011). In this part of ex-
periment, artificial seawater (35 g L

–1
 of sodium chloride 

in sterile distilled water) was prepared and strictly main-
tained the environmental conditions such as salinity (32 

ppt), pH (7.8 – 8.0), temperature (30C), and photo period 
exposure to light (16 hours) and dark (8 hours) conditions. 
The culture was provided with continuous illumination 
and aeration via air spargers. Upon the introduction of 
the cysts, hatched nauplii emerged within 24 hours, after 
which any remaining unhatched cysts were removed. The 
nauplii were fed a diet of microalgae at regular intervals, 
and 90% of the culture water was renewed daily to main-
tain water quality. 
 
2.9.2 Acute toxicity: Artemia salina's nauplii stage was 
used for the investigation of acute toxicity (48 hours). 
Different concentrations (25, 50, 75, 100 µg mL

–1
) of Am-

ZnO NPs were used for the experimentation. In 24 well 
plates, second instar nauplii were added for acute toxicity 
testing. 10 brine shrimps were added in each well and 
Am-ZnO NPs were administered to the treated group in 
each experimental study; there were none in the control 
group. Three duplicates of each experiment were run. 
Animals that were immobile following acute exposure 
were counted under a microscope. 
 

2.10 Biochemical assays-metabolic and antioxidant en-
zymes  
In order to study the level of toxicity exhibited by the Am-
ZnO NPs, biochemical assays were carried out on test 
organisms A. salina. 
 
2.10.1 Preparation of homogenate of the organisms: 
Using a mortar and pestle the test organisms A. salina 
were collected and ground using PBS to make the ho-
mogenate. It was subsequently centrifuged at 10000 rpm 
for 15 minutes. The WHO-recommended standard proce-
dure was utilised to conduct biochemical analysis on the 
supernatant. In the control and treatment (exposure Am-
ZnO NPs) groups of A. salina, the biochemical indicators 
of antioxidant enzymes including superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPx), and 
glutathione S-transferase (GST) were measured. 
 
2.10.2 Superoxide dismutase activity: SOD activity was 
evaluated using the Suzuki (2000) technique, which 
measures absorbance at 560 nm. Variations of SOD activi-
ty were determined in A. salina treated with Am-ZnO NPs. 
The amount of SOD that can catalyse the conversion of 1 
μ mol of substrate per minute is given as U mg-L, where 
one unit (U) is equal to the amount of SOD. 
 
2.10.3 Catalase activity: The CAT activity was performed 
in accordance with the technique of Cohen et al. (1970) 
protocol to analyse the absorbance variation between 
treated and untreated Am-ZnO NPs. By analysing the 
breakdown of hydrogen peroxide (H2O2) from the de-
crease in absorption at 405 nm, a standard curve was 
established. Activity of CAT was determined as U mg L

–1
. 

 
2.10.4 Glutathione peroxidase activity: According to 
Rotruck et al. (1973), GPx activity was measured in which 
NADPH oxidation occurs in the presence of H2O2. GPx was 
read at 420 nm using a microplate reader. To compare 
the impact of treated (Am-ZnO NPs) and untreated, GPx 
activity was quantified in terms of U mg-L protein. 
 
2.10.5 Glutathione -S- transferase activity: Using 1-
chloro2, 4-dinitrobenzene (CDNB) as the substrate, the 
change in absorbance of the GST activity was done at 340 
nm to read out the absorbance difference between Am-
ZnO NPs treated and control, which was estimated as U 
mg-L protein (Gopi et al. 2019). 
 
2.11 Data analysis 
Prior to starting statistical analysis, the work was planned 
using an unconditionally randomised approach, therefore 
the data were checked for normality using the Shapiro-
Wilk test and the homogeneity of variance was deter-
mined using the Levene's test. To investigate the effects 
of time and concentration of Am-ZnO NPs on biochemical 
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parameters in A. salina, the results (mean standard devia-
tion) were analysed in one-way ANOVA followed by Tuk-
ey's HSD test. The test was utilized to find significant dif-
ferences between the Am-ZnO NPs treated and control 
groups. All of the statistical analyses' comparing graphics 
were created using MS-Excel. 
 

3 | RESULTS 
3.1 Characterization of Am-ZnO NPs 
The synthesis of A. muricata fruit extract mediated zinc 
oxide nanoparticles was successfully achieved through co-
precipitation method. The color of solution altered from 
brown to pale yellowish white colour reaction, indicated 
the formation of Am-ZnO NPs. UV-Visible absorption 
spectra of the coated ZnO NPs were achieved after 4 

hours at 150C. Am-ZnO NPs exhibited a characteristic UV 
absorption spectrum with a peak at 350 nm (Figure 1a), 

which corresponds to the fundamental band gap absorp-
tion of ZnO nanoparticles. FTIR spectrum of Am-ZnO NPs 
is shown in the Figure 1b. The broad absorption band 
showed can be assigned to O-H bonded stretching alcohol 
groups. The middle peak displayed can be assigned to 
alcohols and phenols, can be related to the presence of 
amines, responsible for the presence of alkene group. The 
absorption band is probably linked to aromatics while 
could be halogen group. These functional groups play an 
important role in reduction the NPs. TEM analysis re-
vealed that the Am-ZnO NPs has spherical structure (Fig-
ure 1c) and the size ranges between 50 – 100 nm. The 
XRD pattern revealed the formation of crystalline nature 
of Am-ZnO NPs (Figure 1d). The XRD spectrum showed 
strong diffraction peaks at which are showed conse-
quence to crystal planes. 

 

 

FIGURE 1 a) UV-Vis spec-
trophotometer (UV), b) 
Fourier Transform Infrared 
Spectroscopy (FTIR), c) 
Transmission Electron Mi-
croscopic images (TEM), d) 
X-ray diffraction (XRD) of 
Am-ZnO NPs. 

 
3.2 Preliminary phytochemical screening 
Simple biochemical assays were employed to determine 
the ethanolic fruit extract of A. muricata for various phy-
tochemicals. The analysis confirmed the presence of mul-
tiple therapeutically relevant compounds, including alka-
loids, terpenoids, tannins and flavonoids. In contrast, 
saponins were not detected (Table 1). 
 
3.3 Antioxidant activity 
The DPPH assay was used to check the antioxidant activity 
of Am-ZnO NPs, and the results are shown in Figure 2. The 
statistics demonstrate that when fruit extract of A. muri-
cata content increases, the scavenging percentage also 
rises. The fruit extract of A. muricata is an effective anti-
oxidant. Data utilising ascorbic acid as a standard refer-

ence material demonstrates that antioxidant activity rises 
with concentration (75, and 100 μg mL

–1
). Increased Am-

ZnO NPs concentration of 100 µg L
–1

 shows increased 
antioxidant activity comparing to the lowest exposure 
group of 25 µg L

–1
. 

 
3.4 Antibacterial assay using agar well diffusion method 
The agar well diffusion method was used to evaluate the 
antibacterial properties of the Am-ZnO NPs. According to 
the findings, the tested strain of E. faecalis was effectively 
controlled by the fruit extract of Am-ZnO NPs (Figure 3). 
Overall, the findings demonstrated a concentration-
dependent inhibitory effects of the fruit extract of Am-
ZnO NPs increased against E. faecalis. Increased concen-
tration of 100 µg L

–1
 shows increased antibacterial activity 
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comparing to the lowest exposure group of 25 µg L
–1

 
against the Gram-positive E. faecalis. 
 
TABLE 1 Phytochemical screening of the fruit extract of 
Annona muricata. 

Sl. No Phytochemical Presence/Absence 

1. Protein Present 
2. Saponins Present 
3. Flavonoids Present 
4. Phenol Present 
5. Terpenoids Present 
6. Steroids Absent 
7. Glycosides Present 
8. Carbohydrate Present 

 

 
FIGURE 2 Antioxidant activity by DPPH method at differ-
ent concentrations of Annona muricata extract and AM-
ZnO NPs. 
 

 
FIGURE 3 Antibacterial activity of Am-ZnO NPs at different 
concentrations (25, 50, 75, 100 µg/mL) against Enterococ-
cus faecalis. 

 
3.5 Antibiofilm activity 
The microscopic images provided visual observations of 
the biofilm formed by E. faecalis bacteria after exposure 

to Am-ZnO NPs (Figure 4). Instead, an untreated sample 
showed a dense and compact biofilm structure. The find-
ings showed that Am-ZnO NPs (100 µg mL

–1
) significantly 

decreased biofilm formation in E. faecalis bacteria with-
out cell death. It demonstrates that Am-ZnO NPs com-
pletely disperses the biofilm architecture in the treated 
sample by loosening the microbial colonies. Both qualita-
tive and quantitative analysis' findings support the idea 
that Am-ZnO NPs prevents the tested pathogens' early 
attempts to build biofilms. 
 
3.6 Photocatalytic activity 
Am-ZnO NPs efficiently reduces the amount of total or-
ganic carbon (TOC) that occurs in the methylene blue. In 
the case of acridine orange, 98.92% of TOC was de-
creased under the exposure of sunlight (Figure 5a) re-
spectively. Under the exposure of UV light, the degraded 
TOC was 85.06% (Figure 5b) sequentially. Comparatively, 
94.82% of TOC of methylene blue was exceptionally re-
duced under sunlight radioactivity after 90 min (Figure 5c) 
respectively. Whereas the TOC of methylene blue under 
UV light exposure was 84.24% (Figure 5d) respectively. 
The photocatalytic investigation revealed that these Am-
ZnO NPs effectively degrade MB and AO when exposed to 
sun and ultraviolet rays. 
 
3.8 Biochemical assays-metabolic and antioxidant en-
zymes 
3.8.1 Superoxide dismutase activity: Superoxide dis-
mutase (SOD) serves as a primary defence enzyme, pro-
tecting cells by catalyzing the dismutation of superoxide 
free radicals into molecular oxygen and hydrogen perox-
ide. In this study, a statistically significant difference (p ≤ 
0.05) in SOD activity was observed in A. salina exposed to 
Am‑ZnO NPs compared to the control group (Figure 6). 
Specifically, the exposed organisms exhibited a marked 
decrease in SOD activity (Figure 7a). This reduction likely 
results from the overproduction of reactive oxygen spe-
cies (ROS) induced by nanoparticle exposure. The result-
ing oxidative burden may deplete the enzyme as it neu-
tralizes excess free radicals, thereby activating the broad-
er antioxidant system as a compensatory mechanism to 
mitigate oxidative stress. 
 
3.8.2 Catalase activity 
Catalase (CAT) is an essential intracellular antioxidant 
enzyme that protects cells from oxidative damage by cat-
alyzing the decomposition of hydrogen peroxide into wa-
ter and molecular oxygen, thereby maintaining cellular 
redox homeostasis. In this study, a statistically significant 
difference (p ≤ 0.05) in catalase activity was observed in 
A. salina exposed to various concentrations of Am‑ZnO 
NPs compared to the control group. Specifically, catalase 
activity increased in A. salina with rising concentrations of 
Am‑ZnO NPs (Figure 7b). This upregulation is likely a 
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compensatory response to elevated levels of ROS induced 
by nanoparticle exposure. The heightened enzyme activi-

ty functions to neutralize excess hydrogen peroxide, 
thereby protecting the organisms from oxidative stress. 

 

 

FIGURE 4 Antibiofilm activity of 
Am-ZnO NPs at different concen-
trations (25, 50, 75, 100 µg/mL) 
against Enterococcus faecalis. 

  
  

 

FIGURE 5 Degradation of a) acri-
dine orange dye at sunlight b) UV 
light exposure c) methylene blue 
at sunlight d) UV light exposure of 
Am-ZnO NPs. 

 
3.8.3 Glutathione peroxidase activity 
Glutathione peroxidase (GPx) is a class of antioxidant en-
zymes responsible for scavenging free radicals, thereby 
aiding in maintaining redox balance, supporting intracel-
lular homeostasis, and preventing lipid peroxidation. A. 
salina exposed to Am-ZnO NPs displayed no significant 
alteration (p > 0.05) in glutathione peroxidase activity 
between the control and treated groups. (Figure 7c). 

3.8.4 Glutathione -S- transferase activity 
Glutathione-S-transferase (GST) is an antioxidant enzyme 
that protects cells from oxidative damage by using re-
duced glutathione as a co-factor. It functions by neutraliz-
ing xenobiotic pollutants and is also involved in the me-
tabolism of lipid oxidation products. In this study, GST 
activity significantly decreased in the tissues of A. salina 
experimented with the Am-ZnO NPs compared with non-
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treated control (Figure 7d). This effect is caused by oxida-
tive damage within their tissues. Furthermore, the activity 

of this enzyme increases significantly during stress to in-
crease the rate of detoxification process. 

 

 

FIGURE 6 Toxicity analysis of Am-
ZnO NPs at different concentra-
tions (25, 50, 75, 100 µg/mL) 
against Artemia salina. 

  

 

FIGURE 7 a) Superoxide dis-
mutase, b) catalase, c) glutathi-
one peroxidase, d) glutathione-S- 
transferase in A. salina exposed 
to various concentrations of Am-
ZnO NPs at different concentra-
tions (25, 50, 75, 100 µg/mL). The 
data are represented as mean ± 
S.D. The treatment groups, values 
obtained were significantly dif-
ferent (p ≤ 0.05) as per one -way 
ANOVA followed by Tukey’s HSD 
test. 

 
4 | DISCUSSION 
Recent years have seen growing scientific interest in 
herbal plant A. muricata due to its vast pharmacological 
activities, particularly its anticancer and antimalarial 
properties. Beyond human health applications, its poten-
tial as a natural antimicrobial agent in sustainable aqua-
culture and fisheries management has also gained recog-
nition (Moghadamtousi et al. 2015). In this study, phyto-
chemical analysis of the aqueous fruit extract of A. muri-
cata confirmed the presence of terpenoids, steroids, sap-
onins, proteins, flavonoids, carbohydrates, and phenols. 

These findings align with previous research; for instance, 
Sabapati et al. (2019) also reported the presence of alka-
loids, glycosides, and flavonoids in the ethanolic fruit ex-
tract of A. muricata. The outcome of this study indicated 
the existence of substances with therapeutic activity, in-
cluding tannins, alkaloids, terpenoids, and flavonoids. 
Saponins, however, were discovered to be lacking. In the 
majority of researchers, the plant mediated synthesis of 
nanoparticles was confirmed by UV spectroscopy, fol-
lowed by TEM, FTIR, and XRD. The shape, size and surface 
morphology played a vital role in their chemical proper-
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ties. Hence in the present study, we have explored the 
biological synthesis of ZnO NPs by using the A. muricata 
and characterized through UV, XRD, FTIR and TEM analy-
sis. The formation of Am-ZnO NPs was confirmed through 
visual assessment. The colour of mixture reaction was 
changed from deep to a pale yellowish white colour dur-
ing the reaction, indicating the reduction of zinc oxide 
into Am-ZnO NPs. The absorption spectrum of Am-ZnO 
NPs is exhibits a strong absorption band at about 350 nm. 
The spectrum usually shows a distinct peak in the range 
of 350-450 nm, specific for ZnO NPs. The absorption peak 
observed at 350 nm corresponds to the excitation of va-
lence electrons within the zinc oxide crystal lattice, con-
firming that the synthesized nanoparticles absorb light in 
the ultraviolet region (Huang et al. 2006). The antioxidant 
capability of the Am-ZnO NPs was tested against DPPH. 
The ROS are unstable free radicals generated as by-
products of metabolic reactions and various cellular pro-
cesses. Their instability arises from unpaired electrons in 
their outer shell, which drives them to react with and 
break down vital macromolecules, potentially leading to 
cell death. While ROS play a crucial role in cellular signal-
ing and cell cycle regulation, their overproduction can 
lead to oxidative stress. Antioxidants function by scaveng-
ing these free radicals, thereby neutralizing ROS and pre-
venting oxidative damage. Am-ZnO NPs demonstrated 
notable antioxidant capacity, as evidenced by their effec-
tive scavenging of DPPH free radicals. Similarly, increased 
antioxidant potential was observed in A. muricata leaf 
extract by Hasmila et al. (2019). 

Antibacterial resistance is one of the major chal-
lenges in modern medicine. Given their documented an-
timicrobial properties, plant extracts are considered a 
promising alternative for controlling infectious diseases. 
Specifically, the fruit extract of A. muricata has demon-
strated broad-spectrum antibacterial activity against both 
Gram-positive and Gram-negative bacteria. The antimi-
crobial compounds such as acetogenins, alkaloids, and 
flavonoids, can directly inhibit bacterial growth and viabil-
ity, which indirectly affects biofilm formation and mainte-
nance. It will induce oxidative stress within bacterial cells 
that leads to the generation of ROS causing damage to 
the bacterial cell membrane, DNA, and proteins. Oxida-
tive stress disrupts the physiological processes of biofilm 
bacteria and weakens their ability to form and maintain a 
biofilm. The antibacterial and antibiofilm activity of the 
Am-ZnO NPs was carried out on Gram positive E. faecalis. 
The agar well diffusion method showed that highest con-
centration of the Am-ZnO NPs act as effective antibacte-
rial agent compared to control. Antibiofilm activity of the 
fruit extract of A. muricata was also assessed. The bio-
films are usually formed as a mechanism to cop adverse 
conditions and its support bacterial resistance towards 
antibiotics (Hsueh et al. 2015). Bacterial biofilms rely on 
cell-to-cell communication through a process called quor-

um sensing to coordinate their growth and virulence. A. 
muricata has been found to interfere with quorum sens-
ing systems, inhibiting the production of signaling mole-
cules that are essential for biofilm formation. In addition, 
A. muricata extracts have been shown to inhibit the ad-
hesion of bacteria to surfaces, preventing the initial step 
of biofilm formation as they contain various bioactive 
compounds, including enzymes such as proteases and 
glycosidases, which can degrade the extracellular matrix 
of biofilms. The extracellular matrix provides structural 
support and protection to biofilm bacteria. By degrading 
this matrix, it disrupts the integrity of the biofilm and 
makes the bacteria more vulnerable to antimicrobial 
agents. In our study, microscopic analysis confirmed that 
Am-ZnO NPs achieved complete disruption of the biofilm 
architecture by significantly reducing the number of mi-
cro-colonies in the treated samples. Together, the anti-
bacterial and antibiofilm assays indicate that Am-ZnO NPs 
effectively inhibit biofilm formation in Gram-positive bac-
teria. Our findings are supported by Silva et al. (2021), 
who reported potent antibacterial activity of Am-ZnO NPs 
against Staphylococcus aureus and Escherichia coli. 

Photocatalytic activity of synthesised Am-ZnO NPs is 
determined by degrading methylene blue and acridine 
orange under sunlight and UV. Am-ZnO can serve as ef-
fective photocatalysts for environmental remediation 
purposes. The photocatalytic degradation mechanism of 
plant-based nanoparticles such as titanium dioxide, zinc 
oxide and iron oxide were reported recently. In the pre-
sent study, the synthesised Am-ZnO nanoparticles shows 
a high surface area and possess active sites that can ad-
sorb the dye molecules onto their surface. When exposed 
to light, Am-ZnO NPs absorb photons and undergo excita-
tion, leading to the generation of electron-hole pairs. This 
excitation is typically caused by the bandgap energy of 
the nanoparticles. The valence band electrons are excited 
to the conduction band, leaving behind positively charged 
holes in the valence band. The electrons and holes gener-
ated will participate in redox reactions. The electrons in 
the conduction band react with oxygen or water mole-
cules adsorbed on the nanoparticle surface, producing 
ROS such as hydroxyl radicals (•OH) or superoxide radi-
cals (•O2

–
). These ROS are highly reactive and play a vital 

role in the degradation process of dye. The generated 
ROS are responsible for the degradation of the adsorbed 
dye molecules. The ROS attack the dye molecules, leading 
to the breaking of chemical bonds and the conversion of 
complex organic compounds into simpler, less harmful 
products. This degradation process involves oxidation, 
reduction, or other chemical reactions, depending on the 
nature of the dye. The slow transition of the dye solu-
tion's colour from dark to colourless allowed for the visual 
identification of dye degradation. As a result, they can be 
applied in the fabric and water treatment sectors. The 
recombination of electron-hole pairs is a competing pro-
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cess that reduces the efficiency of photocatalysis. Strate-
gies to minimize charge carrier recombination, such as 
doping Am-ZnO NPs with other elements or modifying its 
surface, enhance photocatalytic activity. The kinetics of 
photocatalytic degradation of dyes by Am-ZnO NPs de-
pend on factors such as the concentration of dye mole-
cules, intensity and wavelength of light, surface area and 
morphology of Am-ZnO NPs, and the presence of electron 
donors or scavengers (Rajesh et al. 2019). The results re-
vealed that Am-ZnO NPs exhibited better photocatalytic 
activity by using sunlight illumination when compared to 
that of UV light. Owing to presence of both UV and visible 
components in the sunlight, it can excite more electrons 
compared to UV-light alone, hence, sunlight illumination 
generates overall ROS production rate.  In support of the 
present study, Raj et al. (2021) determined a photocata-
lytic efficiency of 98% for Acid Red dye degradation after 
ZnO NPs exposure and proved green synthesized ZnO NPs 
exhibited better photocatalytic activity. Hence, they can 
be incorporated in water treatment plants and textile 
industries for removing dye pollutants. The outcomes 
clearly point to ZnO NPs beneficial involvement in the 
photocatalytic treatment of hazardous pollutants derived 
from the clothing and textile sectors. 

Focus on the impact of Am-ZnO NPs on the ecosys-
tem is vital to assess the risks that might arise as a result 
of the plant compounds. The present study focused on 
the toxicity assessments through enzyme activity on sen-
sitive freshwaters, marine and terrestrial life forms. Eco-
toxicity assessment against non-targeted marine crusta-
ceans holds significant implications for environmental 
applications. As these organisms occupy vital ecological 
niches and serve as foundational species in marine eco-
systems, assessing their sensitivity to various pollutants 
provides critical insights into the overall health of marine 
environments. Understanding the effects of contaminants 
on crustaceans can inform regulatory frameworks, guid-
ing pollution mitigation strategies and the development 
of environmentally friendly practices. Moreover, eco-
toxicity assessments offer a means to evaluate the effica-
cy of current wastewater treatment methods and the 
potential risks associated with emerging pollutants, facili-
tating informed decision-making for sustainable marine 
resource management and conservation efforts. By safe-
guarding the health of non-targeted marine crustaceans, 
these assessments contribute to the preservation of bio-
diversity and the long-term sustainability of coastal and 
oceanic ecosystems. It can be concluded from the results 
that the Am-ZnO NPs tested on non-targeted organisms 
belonging to habitats A. salina showed no toxicity. 

Superoxide dismutase (SOD) is a crucial primary de-
fense enzyme that protects cells from oxidative damage 
by neutralizing superoxide radicals, converting them into 
hydrogen peroxide and molecular oxygen via a dismuta-
tion reaction (Bhagat et al. 2016). In the present study, 

SOD activity was significantly lower in Am‑ZnO NP-
exposed A. salina compared to the control group. Cata-
lase is another essential intracellular antioxidant enzyme 
that detoxifies hydrogen peroxide (Trestrail et al. 2020), 
converting it into water and oxygen to prevent oxidative 
damage and maintain cellular homeostasis. In contrast to 
SOD, catalase activity was significantly elevated in the 
treated organisms compared to the control. Similarly, the 
phase II detoxification enzyme glutathione‑S‑transferase 
(GST) protects cells from oxidative stress by utilizing re-
duced glutathione as a co‑factor to neutralize xenobiotic 
compounds and is involved in the metabolism of lipid 
oxidation products (Trestrail et al. 2021). In this study, 
GST activity, decreased gradually in treated group com-
pared to the control group. Similar results were obtained 
by Muthu and Durairaj (2015). Thus, overall study took a 
holistic approach in assessing the potential biological ap-
plications of Am-ZnO NPs by taking the ecological risks 
into consideration. The fruit extract of Am-ZnO NPs could 
be evaluated for antidiabetic, anti-inflammatory and anti-
cancerous properties in future. 
 
5 | CONCLUSIONS 
Overall, the present study focused on the extraction and 
synthesis of Am-ZnO NPs and determined the efficacy 
towards antibacterial activity on biofilm-forming microbi-
al pathogens, finding their antioxidant activity. We con-
clude that Am-ZnO NPs shows good antibacterial and an-
tibiofilm activity on Gram positive bacteria. We also ana-
lyzed the impact of a single Am-ZnO NP treatment on 
biofilm architecture using microscopy. Am-ZnO NPs ex-
pressed well established photocatalytic activity against 
different organic dye pollutants namely methylene blue 
and acridine orange under both sunlight and UV light ex-
posure. Furthermore, Am-ZnO NPs have not shown any 
acute toxicity to A. salina appealing its safety to aquatic 
environments. The toxicity analysis on the non-target A. 
salina reveal that Am-ZnO NPs is less toxic at higher con-
centrations. These findings suggest that multifunctional 
Am-ZnO NPs, synthesized using a naturally occurring plant 
extract, represent a promising eco-friendly alternative to 
conventional chemical methods for antimicrobial and 
photocatalytic applications, given their lower ecotoxicity 
and higher biocompatibility at environmentally relevant 
doses. In conclusion, the biosynthesized Am-ZnO NPs 
show considerable potential as a sustainable agent for 
antimicrobial, antibiofilm, antioxidant, and photocatalytic 
applications in biomedical and environmental remedia-
tion, including sustainable aquaculture and fisheries man-
agement. 

Future directions in this area may involve the devel-
opment of sustainable synthesis methods, the integration 
of Am-ZnO NPs into multifunctional materials, and the 
establishment of rigorous regulatory frameworks to en-
sure safe deployment. Overall, navigating the broader 
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implications of Am-ZnO NPs requires a multidisciplinary 
approach that addresses scientific, ethical, and societal 
considerations to unlock their full potential while mitigat-
ing associated risks. 
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