J. Appl. Res Plant Sci. Vol. 7(1), 79-93. 2026, https://doi.org/10.38211/joarps.2026.07.349

Research Article

Available on https://www.joarps.org
Journal of Applied Research in Plant Sciences
(JOARPS)

ISSN: 2708-3004 (Online), 2708-2997 (Print)

Green Synthesis of Silver Nanoparticles Using Aqueous Extracts of Fruit Peel:
Antioxidant, Antimicrobial and Photocatalytic Activities

Sumera Bano Rajper’?#, Imrana Khushk!#, Ghulam Murtaza Khuhro®, Maliha Saeed Khan!, Abdul Nabi
Jatt, Asif Ali Dahri'?, Abdul Sattar Qureshi'”

nstitute of Biotechnology and Genetic Engineering, University of Sindh, Jamshoro, 76080, Sindh, Pakistan
’Department of Botany, Program Biotechnology, Government College University, Hyderabad, Pakistan

3Institute of Molecular biology and Genetics, Shaheed Benazir Bhutto University, Shaheed Benazirabad, 67450,
Pakistan

“Institute of Microbiology, University of Sindh, Jamshoro 76080, Sindh, Pakistan

*Corresponding Author: sattar.qureshi@usindh.edu.pk

# These authors have contributed equally to this study.

ABSTRACT

The increasing threat of multidrug-resistant pathogens and the growing environmental burden of agricultural
waste have prompted the search for sustainable solutions. Green synthesis utilizing fruit peel extracts offers an
environmentally benign approach for producing biologically active nanomaterials with therapeutic and
environmental remediation potential. Herein, silver nanoparticles (AgNPs) were fabricated using aqueous extracts
derived from pomegranate, lemon, and orange peels. The synthesized nanomaterials were subsequently
characterized through UV-Vis, FTIR, and SEM. Characteristic absorption maxima between 425-450 nm
confirmed nanoparticle formation, while SEM micrographs revealed predominantly spherical morphologies. FTIR
analysis identified characteristic O-H, C-H, C=0, and C—O bands, indicating that polyphenols and flavonoids in
the fruit peel extracts served dual functions as both reducing and capping agents during nanoparticle synthesis.
The antioxidant property measured through the DPPH free radical scavenging assay showed the highest
antioxidant ability for pomegranate AgNPs (62.92%). The biosynthesized AgNPs displayed noteworthy
antimicrobial efficacy against both gram positive (S. aureus and B. subtilis) and gram negative (E. coli and P,
aeruginosa) bacteria. Moreover, the maximum inhibition zone of 19.6 mm (against S. aureus) was achieved using
pomegranate-derived AgNPs (P-AgNPs). In addition, the AgNPs efficiently degraded crystal violet under
sunlight, achieving maximum degradation efficiencies of 89.91%, 93.62%, and 93.55% for P-AgNPs, O-AgNPs,
and L-AgNPs, respectively. Sustainable valorization of agricultural waste via the proposed method results in
nanoparticles with multifaceted applications while simultaneously contributing to the reduction of solid waste.

KEYWORDS: Green synthesis, Silver nanoparticles, Fruit peel, Antimicrobial activity, Antioxidant activity, Photocatalytic
degradation

INTRODUCTION previously demonstrated that bimetallic nanoparticles,

Nanotechnology is an expansive discipline whose  including FeAg supported on graphene, exhibit potent
applications continue to grow in various areas of study,  antibacterial activity, which is attributed to both
including medicine, pharmacy, electronics, agriculture, reactive oxygen species (ROS) generation and the
and environmental remediation. This entails the oxidation of cellular antioxidants (Ahmad et al., 2016).
manipulation of materials and devices at the nanoscale = Moreover, AgNPs (silver nanoparticles) have gained
to create new solutions and improve existing importance because of their increased stability and
technologies. Nanotechnology has the potential to  photocatalysis properties (Shahzadi et al., 2025). Our
impact a wide range of industries (Kafshgari et al., previous work on reduced graphene oxide-supported
2015; Farouk et al., 2023; Formoso et al., 2016; bimetallic nanoparticles demonstrated the efficient
Mekuye and Abera, 2023). In relation to nanomaterials,  photocatalytic degradation of organic pollutants,
AgNPs have received much attention owing to their  including methylene blue, through the activation of
exceptional physicochemical characteristics, including  sodium percarbonate (Ahmad et al., 2024). Several
a high surface area-to-volume ratio, localized surface  synthesis methods for producing silver nanoparticles
plasmon resonance (LSPR), catalytic behavior, and (AgNPs) fall into either the physical (evaporation
antimicrobial action. AgNPs have demonstrated condensation, laser ablation) or chemical categories
efficacy against a wide range of pathogens, making (chemical reduction and electrochemical deposition).
them useful in biomedical applications such as wound  These methods are effective but possess certain
treatment and drug delivery (Rybka et al.,2022; Jangra  drawbacks (Duman et al., 2024; Pacioni et al., 2015;
et al., 2025; Pawar et al., 2025). Our group has Yaqoob ef al, 2020). Physical methods involve
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significant energy consumption and sophisticated
equipment, whereas chemical methods typically use
harmful reducing agents, organic solvents, and
stabilizers, which are detrimental to the environment
and pose health risks to humans (Duman et al., 2024;
Abady et al., 2025; Oliveira & Lenzi, 2023). The use
of sodium borohydride, hydrazine, and other chemicals
as reducing agents results in the formation of hazardous
substances (Khatoon ef al., 2023; Duman ef al., 2024).
To address the problems outlined above, green
synthesis has been proposed as a viable and eco-
friendly solution (Akhter et al., 2024; Oliveira &
Lenzi, 2023; Husain & Nasibullah, 2024). Green
nanotechnology involves the use of biological sources,
including plant extracts, microbes, and agricultural
waste, as natural reducers and capping agent in the
process of creating nanoparticles (Girotra et al., 2024;
Veer et al., 2025; Shahzadi et al., 2025). The
application of biologically active compounds extends
beyond nanoparticle synthesis; for instance,
antimicrobial peptides have been successfully
employed to control microbial contamination in
industrial fermentation processes (Qureshi et al.,
2017), highlighting the broader potential of biological
agents in sustainable technologies. Plant-based
synthesis is advantageous for several reasons: it is
affordable, scalable, eco-friendly, and eliminates the
need for hazardous chemicals. Phytochemicals found
in plant extracts, such as flavonoids, phenolic acids,
terpenoids, alkaloids, and proteins, are natural reducers
of metal ions and capping agents for nanoparticles
(Akhter et al., 2024; Farouk et al., 2023; Khan et al.,
2026; Zhafira & Sajidah, 2025). Mechanistic studies on
bimetallic nanoparticles have revealed that the
antibacterial activity is mediated through both reactive
oxygen species (ROS) generation and glutathione
(GSH) oxidation pathways, with GSH oxidation
playing a more dominant role (Ahmad et al., 2016).
The use of plant-based resources has been extensively
studied because of their availability, cost-effectiveness,
and sustainability of such natural sources. However,
the fruit peels stand out because they represent one of
the most abundant sources of natural antioxidants. Fruit
peels represent millions of tons of waste that is
generated annually as a result of the activity of the
global fruit-processing industry (Dubey et al., 2023;
Toppo, 2024; Hussain et al., 2022; Sharma et al.,
2022). To quantify this in quantitative perspective,
pomegranate peels constitute 40—50% of the total fruit
weight, which translates to approximately 9 million
tons of waste per 1 million tons of pomegranate juice
(Gaharwar et al., 2024). In the European Union, over
74 million tons of fruit are produced every year,
resulting in 17 million tons of waste (Manakas et al.,
2025). Globally, the citrus fruit processing industry
produces approximately 63.75 million metric tons of
waste annually (Kiteto et al., 2025). Some of the most
widely grown fruits include pomegranates (Punica
granatum), lemons (Citrus limon), and oranges (Citrus
sinensis). They are rich in polyphenols, flavonoids,
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ascorbic acid, and other antioxidants (Siddiqui et al.,
2024; Rodriguez et al., 2025; Huang et al., 2025;
Nayana and Wani, 2024). The use of such waste
materials for the synthesis of nanoparticles can help
solve the waste management problem, along with
providing new opportunities for the synthesis of
nanomaterials (Monika et al., 2024; Farouk et al.,
2023; Abdelbasir et al., 2020; Saratale et al., 2018;
Sharma et al., 2024).

Pomegranate peels are rich in phytochemicals that
are excellent reducing and capping agents. Various
studies have successfully synthesized silver
nanoparticles using pomegranate peel extract,
demonstrating good antimicrobial and antioxidant
effects (Mostafa et al., 2026; Rani et al., 2024; Saad et
al., 2021). Lemon peels contain citric acid, ascorbic
acid, flavonoids (mainly hesperidin and eriocitrin), and
several phenolic acids, all of which help make lemon
peels a powerful reducing agent. With the help of these
biologically active molecules, silver ions can be easily
reduced by donating electrons, and hence silver
nanoparticles are formed. Furthermore, the antioxidant
activity of these components can stabilize the
nanoparticles and prevent aggregation, resulting in
increased functional activity. Together, these reducing
and stabilizing characteristics make lemon peel an
important natural source for use in green synthesis
technology (Abdelrazik et al.,2023; Fadhil et al., 2024;
Jahan & Isildak, 2021; Nasr et al., 2019). Orange peels
contain numerous bioactive compounds, such as
flavonoids, including hesperidin and naringin, phenolic
acids, carotenoids, and vitamin C. The presence of
these compounds in orange peels provides significant
reducing and stabilizing capabilities that facilitate the
neutralization of free radicals and the prevention of
oxidative stress. Thus, orange peel can be considered a
useful natural antioxidant and stabilizer in various
industries. The high content of bioactive compounds in
orange peels makes them suitable for application in
food preservation, pharmacology, and cosmetology
(Ahmed et al., 2023; Shrinath ef al., 2023). Moreover,
owing to the content of bioactive substances, orange
peels have been used for the eco- friendly synthesis of
nanoparticles (Mickky et al., 2024; Gupta et al., 2025).
The selection of these three peels was done
purposefully considering the fact that their
phytochemical composition is different but overlaps in
some properties; tannin/ellagitannin-rich (pomegranate
peel) vs. flavanone glycosides and organic acids-rich
(citrus). The distinct phytochemical profiles of these
three peels allow for a comparative evaluation of their
reducing, capping, and bioactivity potentials. Although
separate studies have reported on the production of
silver nanoparticles (AgNPs) from pomegranate and
citrus fruit peels, no studies have compared the three
types of peels under identical conditions during both
synthesis and assay testing. Moreover, there is no clear
consensus in the literature on which peel results in the
most active nanoparticles. This deficiency of a like-for-
like comparison is bridged through this research. The
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key innovations of the current study include the
following: (i) this is the first systematic comparison of
pomegranate, lemon, and orange peels for AgNP
synthesis under strictly identical experimental
conditions, enabling direct assessment of how peel
phytochemistry influences nanoparticle properties; (ii)
we provide a comprehensive comparative evaluation of
antioxidant, antibacterial, and photocatalytic activities,
revealing previously unreported performance trade-
offs between biological and catalytic functions; and
(i) we demonstrate the effective use of natural
sunlight for photocatalytic dye degradation using these
biosynthesized AgNPs, offering a sustainable approach
for wastewater treatment.

MATERIALS AND METHODS

Chemicals and Reagents: Silver Nitrate (AgNOs),
DPPH, and Ascorbic acid were procured from Sigma-
Aldrich. Peptone, yeast extract, MHA, and nutrient
broth were supplied by Oxoid Ltd.

Collection and Preparation of Fruit Peels: Fresh
pomegranate (Punica granatum), lemon (Citrus
limon), and orange (Citrus sinensis) peels were
obtained from domestic kitchen waste and local fruit-
juice vendors in Jamshoro, Sindh, Pakistan. The fruits
were cleaned using tap water and distilled water to
eliminate any surface contaminants. Drying was
performed under ambient conditions and finally under
oven conditions at 55 °C for 24 h. Subsequently, the
dry peels were ground into a fine powder using a mill
and sieved using a #40 mesh (0.42 mm openings). The
sieve particles were stored in an airtight container at 4
°C (Laiba et al., 2026).

Preparation of Peel Extracts: Exactly 20 g of dried
peel of each fruit was mixed with 60 mL of deionized
water in a conical flask. This was further followed by
incubation of the mixture in the shaking incubator at 60
°C and 150 rpm for 2 hours. After incubation, the
mixture was cooled to room temperature. The cooled
mixture of the plant extract was further centrifuged at
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6000 rpm for 10 minutes and filtered using Whatman
no. 1 filter paper (Farouk et al., 2023).

Synthesis of Silver Nanoparticles: AgNPs were
synthesized by combining 50 mL of each fruit peel
extract with 50 mL of 1 mM silver nitrate solution in
250 mL conical flasks. The reaction mixtures were
incubated in a shaking water bath at 90 °C for 4 hours,
followed by overnight standing at room temperature.
After the reaction, the colloidal suspensions were
centrifuged at 10,000 rpm for 20 min. The resulting
nanoparticle pellets were washed three times with
double-distilled water and once with absolute ethanol,
then dried in an oven at 60 °C for 6 hours (Farouk et
al., 2023; Niluxsshun et al., 2021). For all bioassays,
the dried AgNPs were re-dispersed in sterile distilled
water with brief sonication (5 min) to achieve the
required concentrations.

Characterization of Nanoparticles: Formation and
characterization of nanoparticles were confirmed using
UV-Visible absorption spectroscopy. FTIR
spectroscopic analysis was carried out in the
wavelength region of 400-4000 cm™. Analysis was
performed to identify the functional groups involved in
the reduction, capping, and stabilization processes.
SEM was performed for size and morphological
confirmation of the synthesized nanoparticles. Particle
size and size distribution were estimated from the SEM
micrographs using ImageJ software (n > 100 particles
per sample) (Abro ef al., 2026; Khuhro et al., 2025).
Antioxidant Activity: The free radical scavenging
capacity of the AgNPs was evaluated using the DPPH
assay method described by Khuhro et al. (2025).
Different concentrations of nanoparticle suspensions
(20-100 pg/mL) were combined with 2 mL of 0.1 mM
DPPH methanolic solution. The reaction mixtures were
incubated in darkness for 30 minutes, after which
absorbance readings were recorded at 517 nm. The
DPPH radical scavenging activity (inhibition
percentage) was calculated using the following
equation:

where Ab control is the absorbance of the DPPH reagent, and Ab sample is the absorbance of the sample at time

Antimicrobial Activity: The antimicrobial efficacy of
the nanoparticles was assessed using the agar well
diffusion method. Staphylococcus aureus, Bacillus
subtilis, Escherichia coli, and Pseudomonas
aeruginosa were obtained from the culture collection
of the Institute of Biotechnology and Genetic
Engineering at the University of Sindh, Jamshoro,
Pakistan. These strains have been used in previous
studies (Rahu et al., 2021). Overnight cultures were
adjusted to a 0.5 McFarland standard (= 1.5 x 108
CFU/mL) in sterile saline prior to inoculation. Briefly,
fresh bacterial cultures were evenly spread onto
Mueller-Hinton agar plates. Wells measuring 6—8 mm
in diameter were created, and 50 pL of the test sample
(adjusted to 50 pg/mL) was introduced into each well.

81

A standard antibiotic disc (ciprofloxacin, 5 pg) served
as the positive control, while wells loaded separately
with sterile distilled water, the corresponding aqueous
peel extract, and 1 mM AgNOs served as
negative/comparator controls. The plates were then
incubated at 37 °C for 24 h.

Minimal Inhibition Concentration: The MIC was
measured using the broth microdilution technique in
Mueller—Hinton broth by preparing two-fold serial
dilutions of each AgNP suspension (5 -200 pg/mL),
where the same amount of bacteria (approximately 5 x
10° CFU/mL) was added to all wells for testing. The
MIC was defined as the lowest concentration that
caused no growth in the presence of test organisms at
37°C after 24 h.
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Photocatalytic Dye Degradation: The model
contaminant was crystal violet (CV). AgNPs were
greenly fabricated using pomegranate, lemon, and
orange extracts (P-AgNPs, L-AgNPs, and O-AgNPs,
respectively). For photocatalysis, 10 mg of the NPs was
mixed into 50 mL of 30 mg/L CV solution, allowed to
mix in the dark for 60 min to attain adsorption-
desorption equilibrium, and then placed under natural
solar light. CV samples were drawn at intervals of 1-80
minutes. After centrifugation, UV-Visible
spectrophotometry was used to determine the
absorbance of the remaining CV at 590 nm. A batch
study was performed at 30 °C using 50 mL of CV
solution to determine the optimal conditions for

[

C0 — ct]
co

Dye Degradation % x 100

Rajper et al.,

adsorption equilibrium. Various parameters were
changed in one run at a time, such as dye concentration
(10-100 mg/L), agitation speed (0-300 rpm),
photocatalyst dosage (10-60 mg), pH (3-10), and
contact time (1-80 minutes). The standard conditions
were 30 mg/L CV, 200 rpm, 30 min, and 30 °C. Two
parallel control experiments were carried out: one was
a dark absorption control (CV + catalyst kept in the
dark) for determining the amount of adsorption, and the
other was a photolysis control (CV subjected to
sunlight in the absence of catalyst) for determining the
amount of photolysis. The degradation efficiency was
calculated as follows:

where Co is the initial dye concentration, and C; is the dye concentration at time t.

Statistical Analysis: All experimental procedures
were performed in triplicate, and the data are presented
as mean values with corresponding standard deviations
(SD). The statistical significance between the
experimental groups was evaluated using one-way
analysis of variance (ANOVA) followed by Tukey's
post-hoc test, with statistical significance set at p <0.05
(Abro et al., 2026; Laiba et al., 2026).

RESULTS

Synthesis of silver nanoparticles: The synthesized
silver nanoparticles using fruit peels were preliminarily
indicated by observing their color change. With the
introduction of fruit peels to the silver nitrate solution,
a color change, pomegranate peel extract color change
from yellow to dark brown, lemon fruit peel extract
caused a color change from yellow to reddish-brown
and orange fruit peel extract-based synthesis, the color
changed from yellow to dark brown was immediately
noted, suggesting that the Ag* ions were reduced to Ag®
nanoparticles. However, it is important to observe that
the above color change in the visual spectrum is just an
initial qualitative confirmation; therefore, it was
verified through UV-VIS spectroscopy, FTIR, and
SEM.

Characterization of Silver Nanoparticles: The UV-
Vis spectroscopy studies of the fabricated nanoparticles
provided evidence of the synthesis of silver
nanoparticles owing to the presence of specific peaks.
The AgNPs prepared from pomegranate demonstrated
a peak at 425 nm, which is in agreement with the
findings of other studies. The maximum absorption of
AgNPs obtained from lemon peels was observed at 435
nm. A peak for AgNPs obtained from the orange peel
was observed at 450 nm. FTIR was used to determine
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the biomolecules in lemon, orange, and pomegranate
extracts responsible for the reduction of Ag* ions and
the subsequent capping and stabilization of the formed
silver nanoparticles. All three IR spectra exhibited
similarities in terms of a similar overall shape with
characteristic peaks in the O-H, C-H, and carbonyl
regions, with a group of low-frequency bands below
~700 cm™. The principal bands and their assignments
for the three samples are summarized in Table 1 and are
described in detail below. However, they differ in
terms of their positions on the spectrum and intensity.
FTIR spectroscopy was used to characterize the
biomolecules responsible for the reduction of Ag* ions
and capping of the nanoparticles. All three FTIR
spectra possessed the typical O-H, C—H, and carbonyl
functional groups in addition to low frequency regions
below approximately 700 cm™; however, the specific
frequencies and intensities were different from one
sample to another. The complete list of frequencies is
presented in Table 1. Figure 1a shows the FTIR spectra
along with the assigned frequencies (Figure la). The
structural morphology of the AgNPs was studied using
SEM, which demonstrated that the particles were
spherical with a variable size distribution (Figure 1b).
Morphological studies of silver nanoparticles (AgNPs)
were performed using scanning electron microscopy
(SEM). The main form of AgNPs was spherical
particles with an inconstant size distribution (Figure
1b). The size measurement was carried out by image
analysis using ImageJ (n > 100 particles per sample),
and the average diameter values were found to be
approximately 150-750 nm for all samples under
study; the mean diameters of P-AgNPs, L-AgNPs, and
0O-AgNPs were 632.07 £ 72 nm, 328.15 + 32 nm, and
197.70 + 16 nm, respectively.
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Figure 1a. FTIR spectra of green-synthesized AgNPs (pomegranate, orange, and
lemon peel), with the principal peak positions annotated on each trace.

Table 1. Major FTIR band positions (cm™) and their assignments for silver nanoparticles synthesized from lemon (L-AgNPs),
orange (O-AgNPs), and pomegranate (P-AgNPs) peel extracts.

Peaks (Functional Groups) L-AgNPs 0O-AgNPs P-AgNPs
O-H stretch (phenols, alcohols, carboxylic acids) 3325.66 3325.24 3280.77
C—H stretch (aliphatic -CH2/~CHs) 2919.25 2922.01 2917.73
C—H overtone / combination band 1979.75 2161.74 -

C=0 stretch (carboxylic acids, esters, ketones) 1716.88 1733.43 1733.24
Aromatic C=C / conjugated C=0 / N-O 1608.25 1603.08 1607.99
Aromatic C=C / C-H bending - 1516.41, 1367.37 1366.55
C—-O stretch (phenols, ethers, esters) 1225.63 1266.30 1235.02
C—O—C (polysaccharides / glycosides) 1014.23 1015.66 1015.68

614.52-528.06  606.98-533.83

N

..........

Metal-oxygen (Ag—O) / low-frequency fingerprint 595.09-533.38

bands

M
(]

[ 197.698 nm

Figure 1b. SEM images of AgNPs. L-AgNPs (lemon), P-AgNPs (pomegranate), O-AgNPs (orange) peel nanoparticles.
Each SEM image was analyzed for size distribution using the ImageJ software. Bar graphs with lines show the size
distribution.

Antioxidant Activity: The AgNPs from pomegranate
peel had a very good scavenging ability for DPPH

radicals, with inhibition values varying from 36.86% to
62.92% within 20 to 100 pg/mL of concentration. The
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AgNPs from orange peel exhibited DPPH scavenging
activity that was dependent on concentration, with an
inhibition of 58.53% within 100 pg/mL of
concentration. The antioxidant activity followed the
order P-AgNPs > L-AgNPs > O-AgNPs (Table 2). This

Rajper et al.,

pattern is consistent with the phenolic-rich nature of
these peels, as observed in the published literature.
However, because the amount of phenolics was not
measured in the current study, the relation is inferred
but not explicitly proven.

Table 2. Antioxidant, DPPH % scavenging activities of silver nanoparticles and ascorbic acid. Values represent the mean +
SD (n=3). Different superscript letters (a—c) within a column indicate statistically significant differences among the three AgNP
types (Tukey's HSD, p < 0.05); superscript letters are added to indicate the significance of the difference.

Concentration Ascorbic Acid Pomegranate- Lemon-AgNPs Orange-AgNPs
_(ug/mL) AgNPs

20 33.66+0.68 2 36.86+0.152 33.30+0.17 2 31.89+1.67 2

40 35.78+0.852 39.22+0.90 2 35.98+0.70 2 35.37+0.68 @

60 43.39£0.79 ® 46.80+0.55° 43.60+0.75 ° 42.25+1.29"

80 53.32+1.32°¢ 56.44+0.49 © 53.16+2.30 ¢ 52.59+2.03 ©

100 58.61+0.75 ¢ 62.92+0.33 ¢ 59.54+0.89 ¢ 58.53+1.06 ¢

Antimicrobial Activity: AgNPs synthesized using
pomegranate peel exhibited the most -effective
antibacterial action against all tested bacteria,
particularly S. aureus (ZOI = 19.6 mm) and P,
aeruginosa (ZOI = 19.0 mm). Lemon peel-derived
AgNPs were the most effective in their antibacterial
action against P. aeruginosa, with a ZOI of 19 mm. All
fruit peel-derived AgNPs demonstrated remarkable

subtilis (Figure 2). The trend in antimicrobial activity
was the same as that of antioxidants: P-AgNPs > L-
AgNPs > O-AgNPs. This is consistent with the phenol-
rich nature of pomegranate peels, as reported; however,
it should be noted that the quantity of phenols was not
actually measured in the current study, and thus the
correlation is based on an inference drawn from the
data. The negative controls, which contained either

antimicrobial activity, with minimum zone of only the extract or only AgNO3, did not exhibit any
inhibition values ranged between 13-16 mm for B.  activity.
mP-AgO mL-AgO mO-AgO
25
E 20 -
é ]
c |
=15 1
= ]
= 10 -
o ]
) ]
g ]
N2
0
E.coli B.subtilis S. aureus P.
aeuroginosa
Bacteria

Figure 2. Antibacterial activity of L-AgNPs, O-AgNPs, and P-AgNPs zone of inhibition (mm) and

AgNPs synthesized using different fruit peels. Error bars represent the standard deviation (n=3). Bars represent
mean + SD (n = 3); the y-axis represents the zone of inhibition in mm. Different superscript letters (a, and b)
above the bars indicate statistically significant differences among the groups. A for non-significant and b for
significant difference (one-way ANOVA, Tukey's HSD, p < 0.05).

Photocatalytic Dye Degradation: Crystal violet dye
photocatalytic degradation reaction took place by using
AgNPs. First of all, an initial sample consisting of 10
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mg of AgNPs and 50 mL of crystal violet dye solution
(30 mg/L) was kept in dark for 60 minutes to reach
adsorption-desorption equilibrium state. Afterwards,
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the mixture was irradiated with natural sunlight and
then decolorization was noted at different pH values
from 3-10 (Figure 3). The removal efficiency increased
with an increase in the pH of the solution from acidic
to neutral-alkaline conditions, with individual maxima

Rajper et al.,

for pomegranate AgNPs at pH 7, lemon AgNPs at pH
8, and orange AgNPs at pH 10 (the highest single-
condition value observed, peak efficiency 91%; Figure
3)

* |-AgNPs -® O-AgNPs —® P-AgNPs
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Figure 3. (a) Effect of pH on crystal violet degradation using three AgNPs. (b) Maximal dye degradation
at specific pH for each nanoparticle. Axes: degradation efficiency (%) vs pH; mean + SD, n= 3, p <0.05.

Degradation spectra were obtained at different time
intervals (Figure 4). Under optimized conditions, the
maximum degradation efficiencies were 89.91%,
93.62%, and 93.55% for P-AgNPs, O-AgNPs, and L-
AgNPs, respectively. For clarity, these per-nanoparticle
maxima (rather than the standalone ~91% pH-
optimization value for O-AgNPs) are the definitive
degradation figures reported in this study. The
adsorption of CV occurred rapidly during the first few
minutes, after which a plateau of effective removal
occurred at 30 min, after which the efficiency did not
change significantly (Figure 4) (removal at
equilibrium). The absorbance peaks decreased
progressively with increasing exposure duration,
indicating enhanced photocatalytic =~ degradation
(Figure 4). The results from the control experiment, in
which the CV under light was not catalyzed, showed
very little decolorization; however, the dark adsorption

control achieved equilibrium in approximately 30 min
with little decolorization. Therefore, it can be
concluded that the decolorization effect is mainly due
to photocatalytic decolorization and not adsorption or
photolysis.

Although P-AgNPs demonstrated the highest
antioxidant and antibacterial properties, O-AgNPs and
L-AgNPs showed slightly better photodegradation
performance for crystal violet (CV). This observation
is expected because the photocatalysis process is
mainly influenced by the LSPR-mediated formation of
reactive oxygen species and the electrostatic
interaction of the cationic dye, and not by the
antioxidative effect of the capping shell. The presence
of a more compact polyphenol shell on the P-AgNPs,
which increases the efficiency of scavenging reactions
and bacterial interactions, may partially mask the metal
surface.
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Figure 4. (a) Crystal violet degradation using three AgNPs. Effect of time from 1-80 min. (b)
Maximal CV degradation at 30 min. Axes: degradation efficiency (%) vs. time (min); mean + SD, n=3, p <0.05.

In experiments on agitation rate, exposure time to
sunlight was 30 min, pH was optimized in previous
experiments, and shaking speed varied from 0-300
rpm, It was found that the higher agitation rate of up to
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200 rpm increased the removal efficiency from 50% at
0 rpm to 93% at 200 rpm, after which no changes were
observed (Figure 5).
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Figure 5. (a) Effect of shaking on CV photocatalysis using three nanoparticles. (b) CV degradation at 200 rpm.
Axes: degradation efficiency (%) vs agitation speed (rpm); mean £ SD, n=3, p <0.05.

An experiment was conducted to determine the effect
of photocatalyst dosage on CV degradation. The
experiment was performed using nanoparticle dosages
of 10-60 mg under constant experimental conditions,
such as exposure to sun rays for 30 min and speed of
agitation at 200 rpm with optimized pH (Figure 6). The

investigated between 10 and 100 mg/L. The
degradation effectiveness decreased from 95% at 10
mg/L to 63% at 100 mg/L. This decrease can be
attributed to the saturation of catalyst binding sites,
decreased transmission of light through the darker
solution, and competition for catalyst sites from the dye

effects of the initial CV concentrations were and its breakdown products (Figure 7).
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Figure 6. (a) Impact of photocatalyst dosage on CV degradation. (b) Maximal CV degradation at 30 mg of
AgNPs. Axes: degradation efficiency (%) vs dosage (mg); mean + SD, n=3, p <0.05.
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Figure 7. (a) Effect of CV concentration of 10-100 mg/L. (b) Maximal CV degradation at 10 mg/L. Axes:
degradation efficiency (%) vs. initial CV concentration (mg/L); mean + SD,n =3, p <0.05.

DISCUSSION

The current study presents the successful green
production of AgNPs using extracts obtained from the
peels of pomegranates, lemons, and oranges, with
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subsequent characterization and evaluation of their
biological activities. These findings correlate well with
the available literature related to the biogenesis of
metal nanoparticles with plants. When added to an
aqueous solution of silver nitrate, the extracts from the
fruits peels immediately changed the color of the
solution, indicating the conversion of Ag* to Ag®, that
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is, from yellow to dark brown in the case of
pomegranates (Farouk et al., 2023), from yellow to
reddish-brown in the case of lemons (Khane et al.,
2022), and from yellow to dark brown in the case of
oranges (Gupta et al., 2025; Mostafa et al., 2021). This
color change is a known indicator of silver nanoparticle
synthesis based on the excitation of the SPR of the
nanoparticles (Gupta et al., 2025).

The presence of nanoparticles was confirmed
using UV-Visible spectroscopy, with surface plasmon
resonance (SPR) peaks at 425, 435, and 450 nm for
pomegranate, lemon, and orange peel. This agrees with
previous studies, where it was noted that green-
synthesized AgNPs from the peels of citrus fruits and
pomegranates have SPR peaks between 420 and 454
nm (Gupta et al., 2025; Farouk et al., 2023; Saad et al.,
2021; Weng et al., 2022; Mostafa et al., 2021). The
variation in the SPR peaks of the three sources may be
due to differences in their phytochemical
compositions.

Citric and ascorbic acids, along with flavanone
glycosides such as hesperidin and eriocitrin, are found
in abundance in lemon peels (Nasr et al., 2019;
Srividhyaa ef al., 2023). While ascorbate and citrate act
as fast-reducing agents but have smaller capping
ligands (Santos ef al., 2015), the fast reduction kinetics
of the ligands and the thin and weakly bound organic
capping layer correlate well with the slightly shifted
surface plasmon resonance (SPR) peak at 435 nm and
with somewhat larger nanoparticle sizes than P-AgNPs
(Nasr et al., 2019). With a less thick layer of the
capping ligands, more of the metal surface is exposed,
and this agrees with the somewhat better photocatalytic
activity seen in L-AgNPs compared to the poor ranking
of the nanoparticles as antioxidants and antibacterial
agents compared to P-AgNPs (Srividhyaa et al., 2023).

Orange peels are known to contain flavanone
glycosides, hesperidin, and naringin, in addition to
carotenoids and vitamin C. Large-sized glycosylated
flavonoids act as efficient capping agents; however,
these agents prefer to form larger particles, which is
also observed in our results in terms of the red-shifted
SPR peak obtained at 450 nm and is supported by the
size range of 20—100 nm obtained for orange-peel-
derived AgNPs (AgNPs) (Gupta et al., 2025). The
prevalence of carbohydrate/glycoside functional
groups, visible in the form of strong C-O and C-O-C
FTIR peaks, ensures good colloidal stability of the
particles as well as an efficient surface for the
adsorption of the cationic crystal violet dye.

The biomolecules involved in the reduction,
capping, and stabilization of the nanoparticles were
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identified using FTIR spectroscopy (summarized in
Table 2). The broad O-H band near 3300 cm™ reflects
polyphenols, flavonoids, and ascorbic acid acting as
the principal electron donors that reduce Ag* to Ag®
(Khane et al., 2022). Therefore, the intensity of the
observed band corresponds to this process. C-H
stretching vibrations of aliphatic groups can be seen in
the area of 2900 cm™'. Bands at 1716-1733 cm™ (C=0O
of carboxylic acids, esters, and ketones) and at 1600
cm' (conjugated C=0, aromatic C=C, and N-O)
correspond to oxygen-containing molecules, which
form a coordination layer on the surface of a
nanoparticle, thereby preventing its agglomeration.
Bands at 1516.41, 1367.37, and 1366.55 cm™ in the
orange and pomegranate spectra, which correspond to
aromatic C=C/C-H bending, prove the presence of a
rich polyphenolic content in these fruits according to
their chemistry. Bands in the range 1000-1270 cm ™ (C-
O and C-O-C of phenols, ethers, esters, and
polysaccharides) confirm the retention of carbohydrate
and phenolic compounds on the particle surface. The
cluster of sharp bands in the area below 700 cm™
(614.52-528.06 cm™! for lemon; 606.98-533.83 cm™
for orange; 595.09-533.38 cm™ for pomegranate)
indicates the metal-oxygen (Ag-O) stretching, which
proves the formation of silver nanoparticles (Khane et
al., 2022; Albukhari et al., 2019). The differences in
binding at the surface affect the activity levels that have
been witnessed: the increased binding to polyphenols
will make it easier for the compound to scavenge
radicals and interact with bacteria, but can also affect
charge transfer at the interface.

The similarity between the three spectra proves
that all three extracts play the role of reduction and
capping agents by means of functional groups;
however, some differences, such as the O-H band at
3280.77 vs. ~3325 cm™! for pomegranate, and a shift in
the carbonyl band from 1716.88 cm™ (lemon) to ~1733
cm™' (orange, pomegranate) are the classic FTIR
signatures of a functional group binding directly to the
particle surface rather than remaining free in solution.

Variations in the properties of the nanoparticles
were observed based on the fruit type, which was
attributed to the differences in the phytochemical
composition (Yaqoob et al., 2020). The nanoparticles
produced from pomegranate peel, which had the
highest amount of phenolic compounds, were smaller
and more stable than those produced from other
sources (Mostafa et al., 2021), while those produced
from orange peel had a size between 20-100 nm (Gupta
et al., 2025).
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The synthesized silver nanoparticles (AgNPs)
exhibited concentration-dependent scavenging of
DPPH radicals, with the highest scavenging effects
observed with pomegranate-extract-based
nanoparticles (36.86-62.92 % at 20-100 pg/mL) and
lower with lemon and orange nanoparticles (P-
AgNPs>L-AgNPs>0-AgNPs). This is consistent with
the total phenolic content in the corresponding extracts,
as polyphenols and flavonoids are the primary sources
of electrons/hydrogens that act as radical scavengers
(Laghari et al., 2023), although, as noted, phenolic
content was not quantified here. Consistent results
were obtained in studies with pomegranate peel AgNPs
by Saad et al. (2021) and citrus peel AgNPs, when the
nanoparticles were shown to possess higher antioxidant
activity than the free extract due to their surface
phytochemical coat (Khane et al., 2022; Gupta et al.,
2025).

All the AgNPs synthesized from the fruit peels
exhibited a wide spectrum of antibacterial activity
against gram-positive bacteria, such as S. aureus and B.
subtilis, and gram-negative bacteria, such as E. coli and
P. aeruginosa, as shown by the zones of inhibition
between 13 and 16 mm in the case of B. subtilis, while
the highest value was obtained for S. aureus, which
amounted to 19.6 mm. The order of antibacterial
activity observed (P AgNPs > L AgNPs > O AgNPs)
agrees with the reported phenolic content. The
minimum inhibitory effect of the aqueous extracts and
silver nitrate individually suggests that the antibacterial
property depends on the nanoparticles themselves and
not on any other component of the precursor or extract
(Khane et al., 2022; Mai-Prochnow et al., 2016). The
intrinsic bactericidal properties of polyphenols and
flavonoids present in the extract act together when the
nanoparticles are coated with these compounds (Khane
et al., 2022; Haida et al., 2022; Aazam & Zaheer,
2016).

The antibacterial mechanism of AgNPs is
multifactorial. It involves the release of Ag" ions that
bind to thiol (-SH) groups in vital bacterial enzymes,
leading to protein inactivation. Concurrently,
nanoparticle-surface interactions generate ROS, which
induce oxidative stress, damage the cell membrane,
and interfere with DNA replication. The pathways
involving oxidative processes such as ROS and GSH
oxidation were used herein through analogy with
earlier experiments on the mechanistic study of similar
nanoparticles (bimetallic nanoparticles); however, they
have not been observed experimentally in relation to
the current AgNPs derived from fruit peels and are thus
discussed as the inferred mechanism (future research
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involving specific ROS scavenging and GSH oxidation
experiments is suggested—see Limitations). Notably,
the layer of phytochemicals not only serves as a
stabilizer but also provides bactericidal action.
Surface-bound polyphenols and flavonoids have
antibacterial properties and can induce oxidative stress
on the cell membrane, leading to higher bacterial
membrane disruption than bare AgNPs (Khane et al.,
2022; Haida et al., 2022; Aazam & Zaheer, 2016;
Ahmed et al., 2016). The different sensitivities to
Gram-positive and Gram-negative strains are related to
differences in cell wall composition, mainly the
thickness of the peptidoglycan layer and the outer
lipopolysaccharide cell membrane in gram-negative
strains (Mikhailova, 2020). The different sensitivities
to Gram-positive and Gram-negative bacteria depend
on the cell wall properties. In gram-positive bacteria,
the thick peptidoglycan layer and teichoic acids may
serve as a protective layer, whereas in gram-negative
bacteria, the negative charges of lipopolysaccharides
attract cationic nanoparticles and Ag+ ions, promoting
ion accumulation and cell damage (Slavin et al., 2017,
Guimaraes et al., 2010). However, since susceptibility
depends not only on nanoparticle charge and size but
also on the capping reagent and strain properties, there
have been reports of higher activity against both Gram-
negative and Gram-positive bacteria (Morones et al.,
2005; Sathiyavimal ef al., 2018). For instance, Rahman
et al. (2017) observed greater bactericidal activity
against gram-negative strains in AgNPs produced by A.
flavum. In the current study, the largest zone of
inhibition was observed for Gram-positive S. aureus.
The activity of AgNPs is similar to that of common
of their high nanoparticle
penetration and accumulation in cells (Mu et al., 2016).

antibiotics because
These results are consistent with previous findings
concerning AgNPs produced from the leaves of Cordia
dichotoma, Diospyros montana, and other plants
(Bharathi et al., 2018a; Bharathi et al., 2018b;
Seerangaraj et al., 2021).

Removal efficiency for photocatalytic degradation
of crystal violet (CV) via natural sunlight varied
depending on pH level, improving from acidic to
neutral-alkaline media, and attained maximums for
pomegranate—based AgNPs at pH 7, lemon—based
AgNPs at pH 8, and orange—based AgNPs at pH 10,
which amounted to 91% efficiency. This dependency is
explained by the positive character of crystal violet: at
lower pH, a high amount of H* ions competes with
negative active sites, while a neutral-alkaline
environment facilitates electrostatic attraction and
adsorption of the dye. The differences in the optimal
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pH levels for various materials were caused by the
differences in the surface functional groups and
charges provided by the extracts of different peels.
Equilibrium for dye adsorption was reached rather
quickly (in 30 min), which proves the limited capacity
of the active sites for the dye. Increased agitation rate
(up to 200 rpm, which increases mass transfer and
decreases boundary layer thickness) and dosage of
photocatalyst (which provides more area for dye
adsorption) improved the efficiency. Increasing the
initial dye concentration (10-100 mg/L; from 95% to
63%) decreased the efficiency due to adsorbent
saturation.

With sunlight illumination, silver nanoparticles
(AgNPs) exhibit localized surface plasmon resonance
(LSPR) properties. The oscillations of the conduction
band electrons lead to the formation of hot electrons
that can be transferred to the absorbed molecular
oxygen and water. Plasmon-induced charge transfer
leads to the formation of reactive oxygen species
(ROS), mainly superoxide anions (Oz*") and hydroxyl
radicals (*OH). These reactive species oxidize the
chromophore moieties of crystal violet, resulting in the
cleavage of the rings, leading to their mineralization to
CO: and H20. This is the known plasmon-induced
process in metallic nanoparticles, which differs
completely from semiconductor photocatalysis, which
relies on bandgap excitation (Ashkar ef al., 2023; Al-
Thabaiti & Khan, 2020). Similar photocatalytic
mechanisms have been reported in our previous work
on reduced graphene oxide-supported FeCu bimetallic
nanoparticles, the
percarbonate generated hydroxyl radicals for the

where activation of sodium
efficient degradation of methylene blue (Ahmad ef al.,
2024). The oxidation of CV and pyronin Y occurs via
these radicals, leading to their mineralization to COx,
H:0, and other small organic fragments (Shaikh et al.,
2020; Ashkar et al., 2023; Vanaamudan et al., 2016).
Photons are absorbed by the nanoparticles, followed by
the generation and trapping of charges, which react
with O: and H20O to generate radicals (Ashkar et al.,
2023; Al-Thabaiti & Khan, 2020).

The photodegradation efficiency obtained for the
peel-extracted AgNPs, determined from absorbance
measurements at 590 nm, ranged from 89% to 93%, as
shown by the gradual decrease in the absorbance value
with an increase in the exposure time. No degradation
occurred in the absence of the nanocatalyst in the
control test (Seerangaraj et al., 2021). With respect to
the other fruit peel-derived AgNP systems, the current
efficiencies seem to be in line: the maximum values of
approximately 89-94% found here are similar to those
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obtained for AgNPs derived from citrus peels and
radish microgreens that were evaluated for their
activity towards crystal violet (Ashkar ez al., 2023) and
for AgNPs derived from Citrus grandis (Arunachalam
et al., 2012). Likewise, the inhibition zones obtained
(up to 19.6 mm) were in the same range as those
obtained for pomegranate peel- and lemon peel-
derived AgNPs (Abdelrazik et al., 2023; Khane et al.,
2022). However, waste-derived copper nanoparticles
were active against Staphylococcus aureus and
Escherichia coli (Khatri et al., 2024).. The degradation
efficiency observed in this study is comparable to that
reported for rGO-FeCu bimetallic nanoparticles, which
achieved over 99% removal of methylene blue through
the activation of sodium percarbonate (Ahmad et al.,
2024). The present results are consistent with those of
previous studies on CuONPs isolated from Sida acuta
(Sathiyavimal et al., 2018), AgNPs extracted from
Carissa carandas (Anupama and Madhumitha, 2017),
and AgNPs isolated from Citrus grandis (Arunachalam
et al., 2012), which have shown high efficiency of
photo-decolorization of dyes due to reactive oxygen
species mediated mechanism.

The fruit-peel route offers several advantages over
alternative synthesis strategies. Compared with other
synthesis routes, the use of fruit peel extracts offers
clear advantages. Plant-mediated synthesis is simpler
and more cost-effective than microbial-mediated
synthesis, which requires pure strains and sterile
conditions (Kuppusamy et al., 2016). It eliminates
toxic reagents and reduces environmental pollution
compared to conventional chemical synthesis
(Gudikandula & Maringanti, 2016; Kumar ef al.,
2020), ). Uniquely, it valorizes an abundant waste
stream in the same step, aligning the method with
circular-economy goals.

CONCLUSION

In conclusion, this work establishes an eco-
friendly, waste-valorizing route for producing silver
nanoparticles from pomegranate, lemon, and orange
peels, which have been identified via unique surface
plasmon resonance peaks at 425, 435, and 450 nm,
respectively. Bioactivity tests revealed significant
concentration-dependent antioxidant activity, with
pomegranate exhibiting the
strongest free radical scavenging ability (62.92% at
100 pg/mL). Lemon and orange silver nanoparticles

silver nanoparticles

displayed lower but almost comparable activities
(59.54% and 58.53%, respectively). Finally, the
photocatalytic analysis demonstrated maximum crystal
violet degradation efficiencies of 89.91%, 93.62%, and
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93.55% for P-AgNPs, O-AgNPs, and L-AgNPs,
respectively, with performance depending on pH and
surface charge. As far as the application of these results
is concerned, it is possible to conclude about a
complimentary distribution of wusage: P-AgNPs
become the most attractive for use in biomedical areas
due to their high effectiveness in antioxidant and
antibacterial properties, while O-AgNPs and L-AgNPs,
demonstrating  slightly ~ higher  photocatalytic
efficiency, can be used in the field of environmental
cleanup. Since no quantification of the total phenolics
or flavonoids was performed in this study, the
correlations between bioactivity and phenolic content
can only be speculated from the literature and should
be considered with caution. Similarly, the role of ROS
and GSH in bacterial inhibition cannot be proven by
experiments in this case; instead, special tests of ROS
scavenging and GSH oxidation are recommended for
such studies. For the antibacterial test, only the well-
diffusion assay was used. To evaluate the relative
effectiveness of the inhibitors in quantitative terms,
MIC determination against each bacterium with
reference to a standard antibiotic is required. In
addition, the cytotoxicity/biocompatibility, reusability
of the catalyst, and stability of the colloids have not
been tested. In a translational sense, batch-to-batch
variations in the extracts, costs and scalability of the
process, and reusability of the nanoparticles should be
considered before application. Future research should
include quantitative analyses of phytochemicals,
ROS/GSH, MIC tests, cytotoxicity at different
concentrations, tests of reusability and stability, and
preliminary techno-economic and scale-up analyses.
Taken together, these quantitative data confirm that
AgNPs derived from fruit peels are multifunctional
agents with  antioxidant, antibacterial, and
photocatalytic activities that can be used in biomedical
applications and environmental pollution problems
within a circular-economy approach.
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