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ABSTRACT

The food sector generates massive amounts of waste, which are rich in active compounds, especially polyphenols;
therefore, valorizing these wastes is a global trend. In this study, we produce silver nanoparticles from pome-
granate wastes, characterized by enhanced antioxidant, anticancer, antiviral, and antimicrobial properties and
investigated their potential to maintain the fruit quality for sixty days in market. The pomegranate waste-
mediated silver nanoparticles (PPAgNPs) were spherical shape (measured by TEM), 20 nm (Zeta sizer), nega-
tively charged —25.98 mV (Zeta potential), and surrounded by active groups (FTIR). The PPAgNPs scavenged 94
% of DPPH radicals and inhibited the growth of pathogens, i.e., Staphylococcus aureus, Listeria monocytogenes,
Campylobacter jejuni, Salmonella typhi and Candida with inhibition zones diameters (16-45 mm). They impeded
the development of breast and colon cancer cell lines by 80 and 78 %, increased the activity of apoptosis marker
caspase 3, and inhibited 82 % of COVID-19. The PPAgNPs were added to the rat diet at 80, 160, and 320 pg/kg
levels. PPAgNPs administered at a concentration of 160 pg/kg in the rat diet resulted in the best growth per-
formance, normal liver and kidney parameters (p = 0.029-0.038), lowered lipid profile, malondialdhyde (MDA),
and raised glutathion reduced (GSH), total protein (TP). Also, the reduced gene expression of Interleukin 6 (IL-6)
and Tumor necrosis factor alpha (TNF-a) in albino rats’ serum indicates the anti-inflammatory effect of PPAgNPs.
PPAgNPs developed a functional coating to preserve mandarin fruit for 60 days by dipping technique. The active
coat containing PPAgNPs can effectively preserve the fruit for 60 days.

1. Introduction

after the processing of one tonne of pomegranate fruits are produced
along with almost 669 kg of pericarp, rinds, and peels, which accounts

The natural compounds from plant and microorganisms play an
essential role in the bio-fabrication of nanoparticles as a reducing agent
(El-Ashry et al., 2022; Khairy et al., 2022; Yehia et al., 2022). In this
study, we fabricated silver nanoparticles from pomegranate juice pro-
cessing waste; Punica granatum belongs to the Iranian-native Punicaceae
family and the Himalayas in India; its fruit is consumed worldwide in
producing juices and beverages 322 to 341 L of juice were produced
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50 % (Hasnaoui et al., 2014). Processing byproducts from pomegranate
juice include the seeds, outer peels (husks), rind membranes, and piths
of the fruit; these wastes are rich in bioactive components and, therefore,
have various activities antiviral, antimicrobial, anticancer, and antiox-
idant properties (Ko et al., 2021). Thus, this study converted pome-
granate biowastes with potential into value-added products as green
silver nanoparticles.
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Silver nanoparticles are frequently employed in biomedical appli-
cations, research, solar cells, water purification systems, and optoelec-
tronics because of their unique qualities (El-Saadony et al., 2019; Sabra
et al., 2022). Their potential for usage in biomedicine is significantly
constrained by the utilization of expensive, unstable, and poisonous
chemicals (Alagawany et al., 2021; El-Saadony et al., 2021; Mawed
et al., 2022). Therefore, biological methods remain the best, including
medicinal plant extracts, fungi, and prokaryotic bacteria employed for
the green synthesis of AgNPs because of its time-saving, cost-effective,
and environmentally benign procedure vs chemical and physical tech-
niques (Mazen et al., 2017).

Nanomaterials are helpful in many disciplines, including medical,
because of their small size and high reactive surface to volume ratio
(Abdel-Raouf et al., 2017). Because of their distinctive chemical, bio-
logical, and physical features, silver nanoparticles (AgNPs) are essential.
The bio-reduction process has no adverse effects on its applications
(Dutta et al., 2020).

Green-synthesized AgNPs are highly effective cytotoxic and anti-
bacterial agents due to their size and shape (Gherasim et al., 2020).
Many studies stated that green silver nanoparticles have great potential
against MDR bacteria and fungi, inhibiting cancer growth and inflam-
mation (Saad et al., 2021a; Alowaiesh et al., 2023). AgNPs and other
nanoparticles have been studied in the post-antibiotic era to find new
agents that can fight diseases without promoting the establishment of
new resistances (Betts et al., 2018). As infections resulting from micro-
organisms resistant to antibiotics are a worldwide issue, AgNPs are an
attractive substitute for preventing diseases cleaning medical equip-
ment, and even battling diseases that are caused by these microorgan-
isms (Natan and Banin, 2017). Numerous findings have shown the
exceptional antitumor activity of sustainable silver nanoparticles, which
can passively and actively target cancerous tissue (Kovdcs et al., 2022);
besides, silver nanoparticles can directly act on viruses, and on their first
steps of interaction with the host cell, depending on several factors, such
as size, shape, functionalization and concentration.

Massive losses in fresh postharvest crops reduce their export values
and foreign exchange. Citrus fruits are famous worldwide due to the
abundance of bioactive compounds (Forner-Giner et al., 2023); how-
ever, prolonged cold storage affects the performance of these beneficial
substances, leading to food loss (Ehlers, 2016). Like citrus, Mandarin
fruit has a long shelf life after harvest but is susceptible to rind physi-
ological abnormalities and deterioration due to microbial infections,
causing economic losses (Zacarias et al., 2020).

The standard control of postharvest disorders depends on using
chemical fungicides, i.e., imazalil and thiabendazole, that adversely
impact the health and environment (Chavan et al., 2023). Therefore,
commercial waxes such as oxidized polyethylene effectively prevented
water loss and gas exchange in citrus, maintaining fruit quality (Yadav
etal., 2022; Chavan et al., 2023). Usually, these waxes were a carrier for
synthetic fungicides; consequently, they were prohibited globally due to
their harmful impacts on environmental and human health (Chowdhury
et al., 2022). Edible natural coatings are the alternatives for synthetic
waxes, i.e., gum arabic, carnauba wax, chitosan, carboxymethyl cellu-
lose, and beeswax (Bhan et al., 2022).

Arabic gum is a polysaccharide, a carrier for essential elements,
containing a dense network of hydrogen bonds, resulting in excellent
O, and COy, barrier qualities (Manzoor et al., 2022). It can be used as a
vehicle for antioxidants, antibacterial agents, and flavors, which are
crucial for sustaining the quality of horticulture crops such as manda-
rins. However, it has been noted that Arabic gum has weak water vapor
barrier characteristics (Bhan et al., 2022; Chavan et al., 2023); therefore,
the need to strengthen it with antibacterial inorganic materials, i.e., zinc
oxide, magnesium oxide, and silver nitrate, were incorporated in edible
coating formulations; Silver being an excellent antimicrobial agent, also
been applied to food packaging (Ahmad et al., 2021).

Because of the poor stability of these materials in the Coating, they
were replaced with nanomaterials, especially green synthesized
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nanoparticles, to create a bio-nanocomposite polymer to improve
packed foods’ shelf life (Jafarzadeh et al., 2023). According to Wang
et al., (2022), nanomaterials have been reported to improve the edible
coating polymer matrix’s functional properties, structure, and steadi-
ness. Regarding, Simbine et al., (2019) applied Ag-nanoparticles in food
packages and noted that AgNPs should be produced by ecologically
correct methods; also, Srikhao et al., (2022) found that paper coated
with silver nanoparticles is effective in killing bacteria and viruses.
Therefore, it can be included in different packages.

Numerous findings have investigated using Arabic gum as a fruit
coating material. However, including PPAgNPs in Arabic gum coatings
to improve their properties has not been thoroughly utilized. There are
no previous studies about the effects of the postharvest application of
PPAgNPs in an AG complex on the lifetime and quality of Vermont
mandarins. Therefore, in this study, we characterized the PPAgNPs with
different devices, evaluated the phenolic profile of AgNPs compared to
pomegranate waste extract, evaluated biological effects, including anti-
inflammatory, antibacterial, and anticancer, and then assessed the
safety of green silver nanoparticles on albino rats, the effectiveness of
AgNPs in an AG coating in retaining the quality features of Vermont
mandarin fruit was examined. This approach may assist in preserving
the storage quality of Vermont mandarins.

2. Materials and methods
2.1. Pomegranate waste extract preparation (PWE)

Pomegranate waste was collected, washed with tap water, dried in
the oven, and then powdered. A 50 g of pomegranate waste powder were
homogenized in 300 mL of distilled water and then heated at 50 °C for
45 min to obtain pomegranate waste extract (PWE). The PWE was stored
at 4 °C in the refrigerator (Alowaiesh et al., 2023). Scheme 1 show the
expermental layout of biological activity of AgNPs and its applications.

2.2. Green preparation of silver nanoparticles

Silver nitrate (AgNOs) was acquired from Sigma Aldrich and
employed as a precursor. 5 mL of fresh PWE was added to 50 mL silver
nitrate (1 M) with constant stirring (150 rpm) for 20 min at 50 °C and pH
6.8. the reaction continued until a brown-colored solution was obtained
due to the reduction of AgNPs. The nanoparticles were stored until
further analysis and characterization.

2.3. Characterization of PPAgNPs

Spectroscopic analysis was used to describe PPAgNPs physi-
ochemical properties. The UV-visible spectrometer (Shimadzu UV-vi-
sible 2900, Japan) in the 200-700 nm range was used to identify
PPAgNPs. Transmission electron microscopy (TEM, JEOL, Japan) was
used to investigate the powdered PPAgNPs, including high-resolution
photographs, and a chosen area for the composition, size, and struc-
ture and shape of produced PPAgNPs were characterized. The surface
charge of AgNPs was determined by Zeta potential (Nano Z2, Malvern,
UK), and the size of AgNPs was evaluated by Zeta sizer. FTIR spectros-
copy (Bruker, Germany) at 3,500 — 500 cm™! was used to identify the
active components in AgNPs; the characterization methods were fol-
lowed by Saad et al., (2021a).

2.4. Phenolic content of PPAgNPs compared to PWE

Total phenolic and total flavaniods content

TPsand TFsin PWE and PPAgaNPs were measured by a Bio-
teck microplate reader (BioTek EIx808, Winooski, VT, USA) at 750 and

430 nm wavelengths, respectively (Herald et al., 2012; Attard, 2013).
TPs were estimated with the Folin method, as follows, 100 uL of PWE or
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Scheme 1. Expermental layout of biological synthesis of AgNPs and its applications.

PPAgaNPs concentration was added to the respected well, then 50 pL of
sodium carbonate (7.5 %) and 50 pL of diluted Folin reagent were added
to each well and incubated for 30 min at 55 °C. The deep blue color was
measured at 750 nm, and the total phenolic compounds’ content was
expressed as mg equivalent gallic acid (GAE) per gram of extract using
the gallic acid standard curve.

The TFs were evaluated by the AlCl3 method as follows, 100 pL of
fruit juice was added to the respected well, then 50 pL ethanolic AlCl3
and kept in the dark for thirty minutes. The developed yellow color was
measured at 430 nm, and TFs were expressed as mg quercetin equivalent
per extract using a standard quercetin curve.

HPLC-MS phenolic profile of PPAgNPs compared to PWE

Ten milliliters of the PWE or PPAgNPs solutions were filtered
through a 0.2-pym filter. The filtrate, about 1-3 mL in volume, was
collected for HPLC analysis. A Shimadzu LC-10AS high-performance
liquid chromatography (HPLC, Japan) system with a quaternary pump,
solvent degasser, an autosampler, and a C18, Gemini, 4.60 mm x 5 m,
35 °C column was used to detect phenolic chemicals. The mobile phase
consisted of a gradient solvent system of water and acetonitrile with
5-60 % in formic acid with a flow rate of 1 mL/ min. The samples were
automatically injected using a SIL-40Cxs autosampler. A triple-
quadruple spectrometer connected to ESI detected the compounds.
The MS was operated in the negative ion mode, and 35 % of the collision
energy was used to induce fragmentation of the precursor ions in the
MS/MS stage. The ions were identified by their mass-to-charge ratio (m/
2) utilizing a full-scan mass spectrometry method that scans the entire
mass range from 100 to 1500 m/z (Saad et al., 2021b).

2.5. Biological activities of PPAgNPs compared to PWE

Antioxidant

The scavenging ability of PWE and PPAgNPs was evaluated
following (Jia et al., 2012). After 30 min of dark incubation, the mixture
containing 0.1 mL of PWE (320 ug/mL), DR-AgNPs concentrations (20,
40, 80, 160, and 320 ug/mL), and 3 mL of DPPH solution was read at
517 nm to determine the generated colour. The following formula was
used to determine the antioxidant activity of PWE and DR-AgNPs against
DPPH.

— AS

Al
% Scavenging activity = CAiCX 100 @

AC, absorbance control, AS, absorbance sample.
Antimicrobial

The disc assay evaluated the antibacterial and antifungal activity of
PPAgNPs (Ashour et al., 2020). The pathogenic bacteria, Listeria mono-
cytogenes (L.M), Staphylococcus aureus (S.A), Campylobacter jejuni (C.J),
Salmonella typhi (S.T), and Candida, C. glabrata (C.G), C. rugosa (C.R),
and C. stellata (C.S) were cultured overnight in a Muller Hinton (MHB)
using a shaking incubator (250 rpm, 37 °C) until 1.5 x 108 CFU/mL. In
comparison to PWE, the cultivated microorganisms were subjected to
various PPAgNPs concentrations. On the surface of Petri plates, a 100 pL
inoculum of bacteria and Candida was dispersed. On the plate, six-
millimeter paper discs were coated with PPAgNPs or PWE in varying
concentrations. The plates were incubated for 24 h at 37 °C. A ruler was
used to measure the inhibition zones’ sizes in mm. Levofloxacin and
clotrimazole served as the positive controls to compare the antimicro-
bial outcomes.

Antiviral
The SARS-CoV-2 Spike protein and the ACE2 receptor produced by

human cells were prevented from interacting by the SARS-CoV-2 in-
hibitor screening assay kit (Adipogen, California, United States). Each
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microtiter plate well received a 100-pL volume of Spike RBD, which was
then maintained overnight in a refrigerator. A volume of 100 uL of
PPAgNPs was added to each well of a microtiter plate containing Spike
RBD in order to assess the antiviral activity of PPAgNPs. The inhibitor
Mix Solution was incubated for 120 min at 37 °C on the microplates that
were coated with HRP-streptavidin. The reaction was stopped after 5
min by adding 100 pL of tetramethylbenzidine, and the generated
color’s absorbance was measured at 450 nm.

Anticancer

A neutral red assay determined the cytotoxicity of PPAgNPs
compared to PWE (Repetto et al., 2008). Breast cancer cell lines (MCF-7)
and human colon cancer cell lines (HCT-116) were was procured from
the American Type Culture Collection (ATCC), they kept alive in full
Dulbecco’s modified eagle media with streptomycin and penicillin (100
mg/mL) and foetal bovine serum (10 %) at 37 °C in a humid atmosphere
of 5 % CO». In an aseptic environment, cells were cultured in a 25 mL
cell culture flask with the full media. 80 % confluence monolayer in a
culture was trypsinized with 1 mL of trypsin-EDTA solution and left
incubating for 2 min. After adding 5 mL of full culture medium and
lightly tapping the flask to separate the cells, the reactions were stopped.
The cell suspension was then transferred to a sterile falcon and centri-
fuged at 1800 rpm for 5 min. In one millilitre of complete medium, the
pellets were redissolved. Trypan blue was used to determine the vitality
of the cells after a hemocytometer had counted the cell suspension (100
% viability). The cell suspension was transferred to a sterile tube after
being diluted with complete medium to a concentration of roughly
100,000 cells/ml. 200 L of a cell suspension containing around 20,000
cells was injected into the wells of the plates. For one day, the plate was
maintained. Utilizing a microplate reader (BioTek, ELx808, SA, USA) to
detect absorbance, cell viability was evaluated. The capacity of
PPAgNPs to induce apoptosis was assessed using microplate reader
fluorescence monitoring at 485/530 nm (Alsubhi et al., 2022).

2.6. In vivo safety experiment

Forty albino rats (120-150 g) were divided into four groups of ten
animals. The rats received diets for a month as follows: the control group
(T1) received a basal diet, the T2 group received the basal diet supple-
mented with 1.2 mg/kg of PWE, the groups T3, T4, and T5 received the
basal diet fortified with PPAgNPs at 0.4, 0.8, and 1.2 mg/kg. At the end
of the experiment, the rats were euthanized, and liver and kidney
specimens were collected surgically. Blood samples were taken from the
vein behind the eye (retro-orbital vein) to measure the levels of different
chemicals in the blood (biochemical parameters).

Biochemical tests

All following determinations were done in serum: James (2001)
estimatied TG, low-density lipoproteins (LDL, CH 12 31), high-density
lipoproteins (HDL, CH 12 30), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and malondialdehyde (MDA, MD 25
29), a marker of oxidative stress and renal function, was calculated using
the thiobarbituric acid (TBA) assay. Urea (CAT no. UR 21 10) and
creatinine (CAT no. CR 12 50), two other markers of renal function, were
also measured. All blood biochemical parameters are determined
through commercial diagnosing kits (Biodiagnostic Company, Egypt).
Immunoglobulin isotypes) IgA and IgG) were assayed in ELISA (Gao
et al., 2023).

Histological tests
The liver and kidney tissue samples were removed, fixed in a 15 %

buffered neutral formalin solution for 48 h, dried in 70 to 100 percent
ethanol, cleaned in xylene, and then embedded in paraffin. Five
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millimetres of paraffin were cut into slices using a microtome (Leica RM
2155, England). Hematoxylin and eosin (H&E) stain was commonly
used to make histopathology sections (Suvarna et al., 2018). An optical
microscope and a digital camera were used to take all sectional pictures.

Determination of inflammation factors IL-6, TNF-a

Serum samples were analyzed using an enzyme-linked immunosor-
bent assay for TNF-a (ng/mL) and IL-6 (pg/mL) cytokine levels. The
Human IL-6 Bioassay Technology Laboratory (BT-Lab) ELISA kit and
Human TNF-aELISA kit were used. Each well received 40 mL of serum
before receiving 50 mL of streptavidin-HRP for the sample and control
wells. After an hour of incubation at 37 °C under cover, the plate was
washed five times with wash buffer. Each well received 50 L of substrate
solution at first, then 50 L of substrate solution B. After that, the sample
was incubated for 10 min in the dark at 37 °C. A microplate reader was
used to read the OD at 450 nm after adding the stop solution (50 L) to the
wells for 10 min to stop the reaction.

2.7. Preparation of functional AgNPs coating

5 gm of white kidney peptide (KPI) were homogenized in 100 mL and
stirred for thirty minutes at 80 °C; Arabic gum (0.5, 1, and 1.5 % w/w)
also dissolved in distilled water at 50 °C for 60 min. The KPI and AG
solution was mixed with glycerol (30 % w/w), stirred for an hour at 60
°C, and adjusted to 9. The optimum concentration of AG to prepare film
was 0.5 %. The prepared AgNPs at two concentrations, 1 and 2 %, were
slowly added into the already prepared KPI/0.5 % AG film and sonicated
for 20 min, then the KPI/AG/AgNPs were kept for the coating experi-
ment (Saad et al., 2021c¢).

2.8. Coating experiment of “Vermont” mandarin fruit

The fruits were sanitized for 2 min with NaClO (0.04 %), then air
dried at 25 °C and RH 65 %. With the uncoated fruit serving as the
control, four fruit groups were created. The remaining three fruit groups
were immersed for three minutes in KPI, KPI/AG, and KPI/AG/AgNPs
solutions and then dried at room temperature. Each of the four sets of
fruits was kept at 25 °C and 65 % relative humidity.

2.9. Physiochemical properties of fruits
Fruit pH

Ten mL of fruit juice was homogenized, and the residues were dis-
carded. The pH meter was used to measure the fruit pH.

Titratable acidity (TTA)

Using standard procedure 942.15, the TTA in fruit juice was calcu-
lated as a percentage of citric acid AOAC (2012). The citric acid in 10 mL
of fruit juice was estimated using sodium carbonate (0.1 N) a phth as an
indicator.

Total soluble solids (TSS)

Using a C10 Abbe refractometer, the total soluble solids (TSS) of the
fruit juice were calculated (VEE GEE, Thermofisher Scientific, USA). On
the glass in front of the refractometer, a few drops of the fruit juice were
applied, and the results were noted.

2.9.1. Antioxidant activity
The scavenging ability of mandarin fruit juice was evaluated as sec
2.5.
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2.9.2. Antioxidant enzymes enzymatic unit is equal to a 0.01 per minute increment in absorbance.

The obtained values were converted to U/mL/DW using the given
Catalase Activity

equation:
Catalase activity was measured by He et al. (2020). One gram of rind Catalaseactivity = ti::;i;t?:v:l fi;tzl;:ln‘;ii ;
was ground in a blender with 10 mL of phosphate buffer at a pH of 7, "
EDTA, and urea. The mixture was blended for 10 min, then spun in a Where: Af = final absorbance; As = initial OD; reaction vol. = 3; time
centrifuge at 10,000 revolutions per minute for 15 min while kept cool. interval = 3; enzyme vol = 0.1 mL.
The obtained supernatant (0.1 mL), 0.5 mL of HyO,, and 2.5 mL of
phosphate buffer (pH 5) was added to a cuvette., and the OD at 240 nm The peroxidase enzyme’s action (POD)

was measured trice (one minute each) using a spectrophotometer. One
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Fig. 1. Characterizing PPAgNPs synthesized by pomegranate waste extract (A) UV absorbance at 430 nm, (B) TEM image with a size of 15-55 nm, (C) zeta sizer

calculates the size of nanoparticles 20 nm, (D) zeta potential calculates the charge on nanoparticles of —25.98 mV, (E) FTIR for detection of active groups responsible
for PPAgNPs reduction.
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POD’s activity was assessed by Hussein et al. (2019) at OD 470 nm.
The fresh rind was mixed for ten minutes in phosphate buffer containing
EDTA and PVPP; the mixture was centrifuged, and the enzymatic su-
pernatant (100 pL) was added to 2.5 mL guaiacol (3 %) in phosphate
buffer and incubated for thirty minutes then 500 pL of HoO5, and the OD
of developed color was read at 470 nm. The peroxidase content (U/mL/
DW) was calculated in the equation:

Af — As X reactionvol

Peroxidaseactivity = ——
timeinterval X enzymevol

Activity of Superoxide Dismutase (SOD)

The SOD activity was assessed by He et al., (2020) at 560 nm. 0.1 mL
of enzymatic supernatant was added to 1 mL Phosphate buffer (pH 5), 1
mL distilled water, 0.3 mL methionine (22 pM), and 0.1 mL nitroblue
tetrazolium (20 pM). The vial was then exposed to ultraviolet light for
15 min before adding 100 L of 0.6 M riboflavin was added (as a sub-
strate). One unit of Superoxide dismutase refers to the quantity of
enzyme necessary to prevent the decrease of NBT by 50 percent; the OD
at 470 nm was measured in trices (one minute each) using a spectro-
photometer. SOD activity (U/mL/DW) of rind was calculated in the
equation.

Af — As X i )
SODactivity — — — A3 * reactionvo

timeinterval X enzymevol

2.10. Statistical evaluation

The variation between the data means for the triplicate values was
examined using one-way ANOVA at p 0.05. The LSD was used to contrast
differences in average results. The statistical analysis was completed
using SPSS 23.0 software.

3. Results
3.1. Characterization of PPAgNPs

When PWE extract is added to a solution of silver nitrate, the color
changes from no color to brown, suggesting the fabrication of PPAgNPs.
Fig. 1A demonstrates that the resulting PPAgNPs absorb UV at 430 nm,
verifying the Ag transformation. The TEM image (Fig. 1B) of the pro-
duced PPAgNPs revealed spherical particles ranging from 15 to 55 nm.
The zeta sizer image in Fig. 1C shows the exact size of PPAgNPs is 20 nm.
At the same time, the net surface charge was negative of —25.98 mV
detected by zeta potential (Fig. 1D); Eight bands were seen in the FTIR
spectra of PWE, whereas eleven bands between 3500 and 500 cm ™! were
visible in the spectrum of PPAgNPs (Fig. 1E). These bands imply that the
structure of PPAgNPs contains active groups like phenolic and alcoholic
OH, NH, and NHy. The OH and NH;, groups have a frequency of
3,419.39 cm ™!, while the CH group has a frequency of 2,982.66 cm™.
Alkyne group is related to the band at 2094 cm™', while alkanes, al-
kenes, and aromatic compounds are related to the bands at 1,650.09
em™! and 1,373 cm ™1, respectively. Esters were present, as indicated by
bands at 1150 cm ™!, while halide compounds were indicated by bands
at 617.39 cm ™.

3.2. Polyphenol components in PPAgNPs

3.2.1. Total phenolic and flavonoid compounds

Fig. 2 show the phenolic compounds in PWE and PPAgNPs were (310
and 520 mg/g). The flavonoid content was 180 and 250 mg/g, respec-
tively, with a relative increase of 48 % over the reduction agent PWE.

3.2.2. Phenolic compounds profile
As described above, the detected compounds in the phenolic profile
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Fig. 2. The phenolic and flavonoid compounds were assessed as gallic acid and
quercetin equivalent for PWE and PPAgNPs.

are increased in nanoparticles than in the extract. Compounds in
PPAgNPs and PPWE were described by mass spectrometry employing
both positive and negative ion modes, while most compounds were
discovered using the negative mode (Table 1). The LC/MS spectra
detected 19 phenolic compounds; Punicalagin derivatives were the main
compounds in LC/MS profile, accounting for 83 %, flavonoids 3.6 %,
Ellagic acid derivatives 8.5 %, and anthocyanins 5 %.

Granatin B is the primary phenolic acid (66.2 mg/100 g). It was
detected at deprotonated molecular ions at 950 m/z and fragment ions at
301 m/z. This fragmentation pattern has been documented in the library
for Castalagin derivative and Granatin B. Consequently, Q-TOF was used
to determine the exact mass, comparing the fragmentation pattern with
the METLIN database. So, Granatin B was detected compound at RT 9.3,
followed by Bis-HHDP hexoside, which was detected at deprotonated
ion at 780 m/z and FI at 301 m/z. Concerning ellagic acid derivatives,

Table 1
Phenolic compounds content in PPAgNPs and PWE detected by LC/MS.

No  Detected compounds g/100 g [M—H]- FIm/z
PPWE ppAgNps "%

1 Gallic acid 11.6 + 19.2 + 168.9 126
0.2 0.5

2 Ellagic acid 10.5 £ 15.1 £ 301 230
0.3 0.4

3 Ellagic acid pentoside 2.5+ 0.0 41+05 477 301

4 Ellagic acid 29+05 4.6 +0.1 450 301

deoxyhexoside

5 Ellagic acid hexoside 3.2+0.6 4.7 £ 0.6 461 301,271

6 Hyterophyllin A 29.66 + 45.2 + 802 650
0.9 0.9

7 Procyanidin 3.6 £0.1 5.9+0.1 570 441

8 Cyandin pentoside 2.01 + 3.6 £0.8 417 288
0.2

9 HHDP-hexoside 26.5 + 331+ 480 301
0.3 0.9

10 Bis-HHDP hexoside 49.2 + 56.8 + 780 301
0.9 0.4

11 Galloyl hexoside 32.6 36.2 + 330 271
0.1 0.5

12 Castalagin derivative 219 + 24.5 + 960 301
0.2 0.8

13 Feruloyl coniferin 3.6 £0.1 6.2+ 0.2 516.9 271

14  Coumaroyl hexose 0.89 + 2.0 £ 0.0 320.8 163
0.8

15 Caffeoylquinic acid 1.5+0.2 3.3+0.1 355 191

16 Pelargonidin 1.2 +£0.1 2.7 +£0.3 270 180

17 Delphinidin 2.8 +0.0 4.6 £0.2 626 302

18 Phlorizin 0.9 + 0.2 21+0.5 434.9 165

19 Granatin B 61.2 + 66.2 + 950 301
0.1 0.4

Fragmentation ion (FI) n = 3, values are presented mean of triplicate data + SD,
p < 0.05 indicate significant differences.
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ellagic acid was the main compound (15.1 mg/100 g) detected at mo-
lecular ion 301 and confirmed at fragment ion (230 m/z) by Q-TOF,
followed by ellagic acid deoxy hexoside at 450 m/z. Furthermore, pro-
cyanidin was the prominently detected anthocyanin with 6 mg/100 g,
seen at molecular ion 570 m/z, followed by Delphindin at 626 m/z.

3.3. Biological activity of PPAgNPs

3.3.1. Scavenging ability

In our study, PPAgNPs have high phenolic, flavonoid, and tannin
correlated with high radical scavenging. Comparable to the antioxidant
activity of ascorbic acid and DRE, 94 % of DPPH free radicals were
substantially neutralized by PPAgNPs (Fig. 3). 20 ug/mL of PPAgNPs
considerably scavenged 50 % of DPPH free radicals.

3.3.2. Cytotoxicity against cancer cell lines

Fig. 4 shows that PPAgNPs have significant cytotoxicity against two
cancerous cell lines, breast (MCF-7) and colon (HCT) cancer populations
comparing PWE and anticancer medicine DOX. Cancerous cells’ death
increased concentration-dependent (p = 0.016). PPAgNPs (320 ug/mL)
lowered the number of liver cancer (HCT) and breast cancer (MCF-7)
cell lines by 78 and 80 percent, respectively, respectively, comparing
PWE and DOX by 75 and 76 %, confirmed by the microscopic images,
where the cell death excel PPAgNPs than PWE and DOX (Fig. 4A and B).
This is an indicator for vindicating oxidative stress on human cells.
When PPAgNPs (320 g/mL) were applied to the cancer cell lines of the
breast (MCF-7) and colon (HCT), more caspase-3 activity was observed
in Fig. 4C, which corresponds to an increase in the death of cancer cells.

3.3.3. Antimicrobial

The investigated microorganisms were significantly resistant to
PPAgNPs’ antibacterial effects (Table 2). The concentration-dependent
IZDs ranged from 11 to 36 mm against tested bacteria and 12-33 mm
against tested Candida, who excelled in bacterial or the zones of clotri-
mazole. The microorganisms most vulnerable to PPAgNPs at 320 g/mL
(36 mm) were SA and CJ (27 mm). Candida gelberta was the most
resistant to the reported inhibitory zone (24 mm) of PPAgNPs, followed
by CR (28 mm) compared to PWE and antibiotics The lowest PPAgNPs
concentration against the tested microorganisms, which ranges from 15
to 20 g/mL, is shown in Table 2. In comparison to PPWE and antibiotics,
S. aureus had the lowest MIC (15 g/mL), CJ had the highest (20 g/mL),
while MBC and MFC ranged from 15 to 40 g/mL (Fig. 5).

96.00
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3.3.4. Antiviral activity

Fig. 6 shows that PPAgNPs have potent antiviral activity against
COVID. The inhibition in the virus correlated with PPAgNPs concen-
trations. PPAgNPs (320 ug/mL) successfully inhibited COVID by 82 %
compared to AC384, which inhibited the virus by 78 %. The IC50 of
PPAgNPs was 80 ug/mL.

3.4. Safety experiment

3.4.1. Serum biochemical tests

Table 3 demonstrates that all biochemical indicators evaluated in
PWE rats significantly increased (p = 0.039) compared to the other
groups but still at normal levels. However, the liver and kidney markers
in the serum of rats administered PPAgNPs for four weeks decreased
considerably (p = 0.031) (Table 3). PWE rats had lower levels of TP and
GSH than the control group (Table 3). The diet system of PPAgNPs (160
ug/g) significantly (p = 0.032) reduced the concentrations of the kidney
parameters. Concerning MDA, it can have been found that the PPWE
group was 49.5 pmol/L, which is considered higher than the control
(45.6 nmol/ml) but in the normal ranges. There is a slight decrease in
rats fed PPAgNPs (1 60) with 48.6 nmol/ml. In addition, PWE showed a
slight increase in kidney markers compared to PPAgNPs and control (p
= 0.041; Table 3). Because PPAgNPs include more antioxidant chem-
icals than the PWE group, the PPAgNPs rats had lower urea and creat-
inine levels than the PWE group; PPAgNPs rats (160 g/g) also shown a
drop (p = 0.29) in renal indicators when compared to PWE rats. The
kidney markers reduced by natural complexes by converting into uric
acid in the urine with the assistance of blood flow in the kideny. Table 3
demonstrates that adding PPAgNPs to the diet at three doses (80, 160,
and 320 pg/g) retained TG, LDL, and cholesterol levels at the control
level while boosting HDL levels dose-dependently. The rats’ diet sup-
plemented with PPAgNPs (80 pg/g) had the lowest TC level (64.2 mg/
dl) compared to PPWE and control. Table 3 results ensure that PPWE
and PPAgNPs are safe and can be used as a medicine.

3.4.2. Histological study

The examined (Liver and kidney) sections in group (1) (Control)
showed standard histological structure in all organs (Fig. 7A). The
examined liver sections in Group 2 (PPAgNPs 80) revealed normal he-
patic parenchyma with normal central veins and hepatic cords. The
kidney showed normal renal parenchyma (Fig. 7B). Tissue sections in
Group (3) 160 pg/kg showed normal organ histological structure during
the study period.

95.00
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92.00
91.00

90.00

DPPH scavenging activity (%)

89.00
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Fig. 3. Antioxidant activity of PPAgNPs and PWE compared to ascorbic acid.
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Fig. 4. (A) The effect of PPAgNPs on the viability of MCF-7 and HCT cancer cell lines. (B) % MCF-7 HCT cancerous cell lines vitality affected by PPAgNPs, PWE and

DOX, (C) Caspase-3 activity.

Table 2

Inhibition zones, MIC, and MBC of PPAgNPs against tested microorganisms compared to PWE and antibiotics.
Pathogenic Bacteria PPAgNPs (ug/mL)/IZDs (mm) PWE Antibiotic MIC MBC

20 40 80 160 320 320 320

LM 11 £ 0.2c 14 £ 0.2c 19 +0.3d 22 +0.2d 29 £+ 0.2¢ 27 £0.3c 33 +0.1b 15+ 0.2 25+ 0.2
S.A 15+ 0.1a 19 + 0.1ab 25 + 0.5a 29 +0.3a 34+ 0.1a 32+ 0.1a 36 +0.1a 10 +£0.2 15+ 0.1
CJ - 11 + 0.5d 15 £ 0.4e 22 +0.6d 27 +0.2d 25 + 0.4d 29 £+ 0.2e 20£+0.1 40 £+ 0.6
S.T - 14 +0.2¢ 18 + 0.5d 23 + 0.4c 29 £ 0.1c 26 + 0.0c 30 £+ 0.0c 20+0.3 35+ 0.5
Pathogenic Fungi MIC MFC
CG - 16 £ 0.1b 18 + 0.1e 20 £0.1e 24 4 0.0e 22 4+ 0.9e 27 +£0.2d 20+ 0.6 35+0.5
CR 12 + 0.5¢ 19 + 0.5ab 21 + 0.5¢ 24 +0.8¢ 28 + 0.3d 26 +£0.1c 30 £0.1c 15+ 0.4 30 +£0.2
CS 14 £ 0.9b 20+ 0.1a 23 +0.8b 26 + 0.7b 31 £0.1b 29 + 0.5b 33 +0.3b 10+ 0.8 15+ 0.3

n = 3, data are presented as the mean of triplicate data & SD, levofloxacin, bacterial antibiotic, and clotrimazole as a fungal antibiotic. Listeria monocytogenes (LM);
Staphylococus aureus (S.A); Campylobacter jejuni (CJ); Salmonella typhi (ST); Candida glabrata (C.G); Candida rugosa (C.R); Candida stellata (C.S). a-e lowercase letters

indicate significant differences.

Also, the hepatic sections in Group (4) 320 pg/kg showed normal
hepatic lobules and inflammatory portal infiltrations. Other groups
revealed normal peribiliary lymphocytic infiltrations adjacent and acute
cell swelling hepatic cells.

3.4.3. Determination of inflammation factors IL-6, TNF-a

TNF-a and IL-6 are major proinflammatory cytokines that indicate
early stages of inflammation. Fig. 8 shows that PPAgNPs treatments
downregulated the level of TNF-a and IL-6 compared to control and
PWE, where PPAgNPs 320 showed lower levels of TNF-a and IL-6 29.8
ng/ml and 17.2 pg/mL, respectively, indicating the protective effect of

green sliver nanoparticles in mitigating the early cell inflammation.

3.5. Coating experiment of postharvest Vermont mandarin

3.5.1. Chemical properties

Table 4 shows that TSS significantly increased with the storage
period; TSS accumulation is the most critical maturation and ripening
marker of fruit quality; the initial TSS in control fruit was 11.5 %, which
increased to 14.7 % at 60 d; also, KPI/AG/AgNPs 1 % coated fruit
showed the same trend where the TSS increased from 13 % on day 15
into 14.9 % on day 60. On the other hand, the acidity of coated fruit
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Fig. 5. TEM image about the antimicrobial mechanism of PPAgNPs against pathogenic bacteria (A) control, (B) PPAgNPs interact with membrane of bacteria, (C)
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Fig. 6. Antiviral activity of PPAgNPs against COVID compared to AC384.

decreased with storage time, where the TA of KPI/AG/AgNPs 1 %
covered fruit reduced by 39 %; however, uncoated fruits showed an
increase in TA, probably owing to a quick concentration impact of
organic acids caused by a more significant loss of fruit moisture. In
contrast, the gradual decrease in coated fruits’ TA because the Coating
reduced the respiration rate.

3.5.2. Antioxidant content and antioxidant activity of fruit

Table 5 demonstrates how different coatings and storage times
significantly (p0.05) impact the antioxidant content and activity of
mandarin fruits. The antioxidant activity of KPI/AG/AgNPs 1 % coated
fruits is attributable to phenolic and flavonoid contents, where scav-
enged 90 % of DPPH free radicals compared to 75 % in control, after 60
days of storage, the % AA decreased to 49 and 75 % in uncoated and
KPI/AG/AgNPs 1 % coated fruits, respectively.

3.5.3. Antioxidant enzymes

SOD activity declined as the storage period increased, which recor-
ded the highest values after 60 d in KPI/AG/AgNPs 1 % coated fruits (15
U/mL/min) with a relative increase of 53 % over uncoated fruit
(Fig. 9A). In Fig. 9B, the peroxidase activity increased during the storage
period (30 days) and then gradually decreased. The highest activity was

Table 3
The effect of diet supplemented with PPAgNPs on blood biomarkers of Albino
rats.

Serum Control PWE PPAgNPs (ug/g)

parameters

Liver 320 ug/g 80 160 320

parameters

ALT 453 + 51.2 + 45.9 + 48.5 + 59.1 +
0.1¢ 0.3% 0.1° 0.3 0.2°

AST 33.6 + 435 + 35.2 + 37.3 + 41.9 +
0.3 0.2° 0.2" 0.2b° 0.3

Kidney parameters

Urea 17.6 + 21.5 + 16.9 + 19.9 + 22.9 +
0.1¢ 0.1° 0.3 0.5¢ 0.4

Creatinine 0.39 + 0.45 + 0.41 + 0.46 + 0.52 +
0.06¢ 0.02° 0.02° 0.01¢ 0.1%

Oxidative stress parameters

MDA 45.6 + 49.5 + 46.2 + 48.6 + 52.1 +
0.2¢ 0.9° 0.1° 0.2 0.0

GSH 56.9 + 57.8 + 55.3 + 58.6 + 59.8 +
0.5° 0.0° 0.2 0.3% 0.2°

TP 6.9+0.8 6.1+ 6.3+ 6.6 + 7.2+

0.3° 0.3° 0.5° 0.1

Lipid profile

LDL 17.3 + 20.2 + 24.9 + 23.5 + 24.0 +
0.0° 0.1% 0.2 0.3 0.2

HDL 37.7 + 415+ 38.9 + 42.3 + 445 +
0.3% 0.2¢ 0.3% 0.3 0.2°

TG 78.9 + 82.6 + 80.9 + 82.9 + 85.9 +
0.2¢ 0.3 0.2° 0.1° 0.3%

TC 65.7 + 77.2 + 64.2 + 72.3 + 77.3 +
0.3¢ 0.7a 0.1° 0.5¢ 0.6

n = 3, The values are presented mean of triplicate data + SD; lowercase letters in
each raw indicate significant differences. malondialdhyde (MDA), and raised
glutathion reduced (GSH), total protein (TP), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), triglycerides (TC), total cholesterol (TC).

observed at 30 d, which reached 30 U/mL/min in KPI/AG/AgNPs 1 %
coated fruits with a relative increase of 50 % over the control, indicating
the enhancing effect of peptide and silver nanoparticles in the Coating.

Catalase activity was reduced with the storage period in Fig. 9C. The
KPI/AG/AgNPs 1 % coated fruits have the highest catalase activity (17.5
U/mL/min) compared to 10 17.5 U/mL/min for the control sample; the
CAT activity increased with coating treatments from KPI to KPI/AG/
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Fig. 7. Histology of liver and kidney tissue of albino rats fed dietary PPAgNPs as a medicine for stress for 30 days. All images showed normal tissues of liver and

kidney under the tested AgNPs with no differences about control.

AgNPs 1 %.
4. Discussion

Green nanoparticles possess distinct biological properties because of
the accumulation of phenolic and flavonoids and active groups (Chung
et al., 2018); the oxidation of OH in phenolic compounds generates a
quinoid structure, which increases the phenolic content in nanoparticles
more than the extract, boosting phenolic content and guaranteeing
nanoparticle suspension stability (Esmaeilzadeh Kenari and Razavi,
2022). The variation in polyphenols in raw plant material is influenced
by a number of variables, such as the environment and the growing soil
(Ranjah, 2019). In parallel with our results, (Saad et al., 2021a) found
that pomegranate peel-AgNPs have rich phenolic content with a relative
increase of 10-75 % over the pomegranate peel extract; also, the results
of phenolic profile agree with Adje et al. (2008) and Ebada et al. (2023),
who found that cyanidin-3-O-rutinocide was the main compound in
pomegranate waste extract.

Because of high phenolic content of AgNPs, a 5 ug/ml concentration,
green silver nanoparticles produced by M. frondosa leaf extract have
displayed 91 % scavenging activity, while our results scavenged the
same percentage of free radicals at 20 ug/ml. Flavonoids and phenolic
compounds are advantageous in the prevention and treatment of
harmful diseases due to their antioxidant qualities. Therefore, the higher
antiradical activity near the control ascorbic acid is primarily due to the
active components on the surface of green produced nanoparticles
(Sreelekha et al., 2021).

Caspase-3 is a key enzyme that cause apoptosis. It can activate before
or during cell death (Yadav et al., 2021). In this study, the PPAgNPs
inhibited breast and colon cancer cell viability, an indicator for vindi-
cating oxidative stress on human cells. Our results exceeded the results
of Shejawal et al. (2021), discovered that lycopene-enriched tomato
extract-produced silver nanoparticles showed significant anticancer ef-
fect against the cancer cell lines HeLa, COLO320DM, and H29. The
strength of the reducing agent is what causes the discrepancies in
values..

PPAgNPs’ antibacterial activity was verified by Kemala et al. (2022)
the antibacterial activity of AgNPs produced by Calotropis gigantea
against Staphylococcus aureus, Escherichia coli, and Candida albicans, with

10

inhibition zones 0f12.05, 11.29, and 9.02 mm, respectively. Our find-
ings demonstrated more robust antibacterial activity than (Ferreira
et al., 2022), who discovered that the MIC of AgNPs produced by Raddi
leaves extract ranged from 250 to 1000 pg/mL.

The TEM results are comparable very well with those found by
Attallah et al. (2022), who stated that many pits and gaps were observed
in bacterial cells when exposed to 50 pg/ml AgNPs and the cell mem-
brane of Escherichia coli was incomplete, indicating the bacterial cells
were damaged severely. They observed that the Staphylococcus aureus
cell walls were broken down when exposed to 320 pg/ml AgNPs for 12 h,
releasing the cellular contents and becoming collapsed. It was demon-
strated in this study. According to (Gallon et al., 2019), the antibacterial
activity of AgNPs was more significant in Gram-negative than G +
bacteria. These phenomena can be attributed to the difference in cell
wall width between G+ (30 nm) and G- (3—-4 nm) bacteria, whose cell
walls are primarily peptidoglycan. In addition, (Abdelsattar et al., 2021)
demonstrated that AgNPs might bind and then inter inside the cell wall.

The obtained findings showed that our antimicrobial agent was more
effective at killing bacteria than the antimicrobial agent used, Ferreira
et al. (2022), who discovered that the MIC of synthetic AgNPsby
aqueous extract of Schinus terebinthifolius Raddi leaves ranged between
250 and 1000 pg/mL. The antimicrobial mechanism of AgNPs depends
on the fact that silver nanoparticles may cause structure and function
changes in the microbial cellular membrane of bacteria or fungi, i.e.,
affecting the membrane permeability and potential and blocking the
membrane-attached respiratory proteins, which upsets the cell’s equi-
librium and causes microbial cell death.

AgNPs can prevent many viral infections by suppressing virus
infection in cells or directly inactivating the viruses (Morris et al., 2019).
AgNPs initially bind with the viral surface, destroying the viral genomic
material or preventing its penetration of the cell membrane. Addition-
ally, AgNPs attach to the virus to prevent it from connecting with the cell
membrane; the AgNPs also block the nucleocapsids of the viral organ-
ism. In addition, silver nanoparticles (AgNPs) can attach to the genetic
material of viruses, preventing them from replicating in the host cell.
Finally, they disrupt biological mechanisms such as protein synthesis to
prevent viral multiplication. However, some metals possess antiviral
properties (Ratan et al., 2021).

The high phenolic and flavonoid content in PPAgNPs and PWE



A. Ali Alharbi et al.

A 2000

Saudi Journal of Biological Sciences 31 (2024) 103880

35.00

w
o
(=]
o

&
g

20.00

15.00

10.00

TNF-a concentration pg/mL

w
8

'i

0.00

ab

Control AgP 80

B 25.00

PWE

AgP160 AgP 320

8
(=1
o

y
o
[=]
o

10.00

IL-6 concentration pg/mL

ol
8

C ab

0.00

Control AgP 80

PWE

AgP160

Fig. 8. Gene expression analysis of IL6 and TNF-« of albino rats fed dietary PPAgNPs as a medicine for stress for 30 days.
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Table 4

Physiochemical properties (% Acidity and TSS) of fruit juice during cold storage of 15, 30, 45, and 60 days.
Treatments TSS (%) Mean Acidity (%) Mean
Storage (days) 15d 30d 45d 60d 15d 30d 45d 60d
Control 11.5+£0.1 13+0.2 13.8 £0.2 14.7 £ 0.3 13.25% 1.3+0.1 1.5+ 0.01 1.65 £ 0.1 1.8 £ 0.01 1.56%
C1 11.6 £ 0.1 12.8 +£ 0.6 13.5+ 0.1 145+ 0.2 13.1° 1.5+0.2 1.3 £0.01 1.35+ 0.1 1.3 £0.02 1.36°
Cc2 11.8 £ 0.6 12.6 £ 0.1 13.2 £ 0.6 141+ 0.5 12.925°¢ 1.55+ 0.1 1.5+0.1 1.36 £ 0.2 1.25 £ 0.01 1.41%
C3 11.9 £ 0.5 125+ 0.2 129 £ 0.5 13.2+0.8 12.625 1.65 £0.2 1.45 £ 0.02 1.33 £0.01 1.24 +0.03 1.41%¢
Cc4 12.2+ 0.4 12.5+ 0.6 12.7 £ 0.8 13+ 0.4 12.6 ¢ 1.72 £ 0.3 1.46 + 0.2 1.36 + 0.0 1.2 £0.01 1.43°
C5 13+ 0.6 13.5+ 0.4 14 £ 0.5 14.9 + 0.6 13.85% 1.79 £ 0.1 1.55+ 0.3 1.39 £ 0.01 1.1 £0.06 1.45°
Mean 12D 12.81C 13.35B 14.06A 1.58A 1.46B 1.40BC 1.31C

C1, KPL; C2, AG; C3, KPI/AG 0.5%; C4, KPI/AG/AgNPs 2%; C5 KPI/AG/AgNPs 1%. Total soluble soilds (TSS).

protects the liver tissue. It prevents it from fracturing and releasing these
enzymes from the cytoplasm; additionally, it lowers ALT and AST and
promotes the recovery of hepatocyte functions (Saleh et al., 2022).
Malondialdehyde profoundly damages cell membranes, changing their
structure and function (Nair and Nair, 2013; Saenthaweesuk et al., 2017;
Said et al., 2019). MDA formation and buildup can lead to oxidative
processes, inhibition, and cytotoxicity. Kumar et al. (2020) found that all
broiler-fed diet serum biochemical parameters supplemented with
AgNPs 50 pg/mL were in the normal ranges.

11

ROS can harm cells by oxidizing key biological components like
membrane lipids, proteins, and DNA (Burri et al., 2017; Said et al.,
2019). The mechanism of action of PPAgNPs was investigated because
the phenolic compounds in the pomegranate wastes were potent anti-
oxidants that positively influenced the lipid profile, according to the
study’s results (Alowaiesh et al., 2023); additionally silver nanoparticles
decreased the programmed cell death caused by TNF-a because of the
anti-inflammatory effect of AgNPs (Abdellatif et al., 2022); therefore, we
recommended using PPAgNPs concentrations as a safe combinatory
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Table 5
Changes in antioxidant activity of fruit juice during cold storage of 15, 30, 45,
and 60 days.

Treatments AA (%) Mean
Storage (days) 15d 30d 45d 60d

Control 75+ 0.2 69 + 0.6 58 +0.3 49 +£0.2 62¢
Cl 80 +0.3 72 +£0.1 61 +0.1 52 +0.3 66°¢
C2 82+ 0.5 75 +0.2 66 + 0.6 58 +£ 0.4 70°¢
C3 86 + 0.6 79 £ 0.6 69 + 0.9 61 +£ 0.6 73°
Cc4 88 + 0.5 81 +0.5 72 +0.1 66 + 0.3 76"
C5 90 £ 0.3 82 +0.8 78 £ 0.4 72 £0.2 80?
Mean 83A 76B 67C 59D

C1, KPI; C2, AG; C3, KPI/AG 0.5 %; C4, KPI/AG/AgNPs 2 %; C5 KPI/AG/AgNPs
1 %. Data are presented mean + SD. Antioxidant activity (AA).
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Fig. 9. The antioxidant enzymes content in Mandarin rind during cold storage
of 0, 15, 30, 45, and 60 days and different coating treatments (A) sodium
dismutase activity, (B) Peroxidase activity, and (C) Catalase activity. C1, KPI;
C2, AG; C3, KPI/AG 0.5 %; C4, KPI/AG/AgNPs 2 %; C5 KPI/AG/AgNPs 1 %.
Data presented mean + SD. A-D uppercase letters above columns indicate
signfcant differences.

treatment correlating with Kumar et al. (2020).
Because of the distinct properties of silver nanoparticles, they are
included in a coating to ban the postharvest changes in mandarin fruit
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for 60 days; monitoring the physiochemical changes; the increase in TSS
is attributable to the decay of polysaccharides into simple sugars during
metabolic processes (Parven et al., 2020). Khorram et al. (2017)
observed increasing TSS and TA in Arabic gum-coated mandarin fruit.
Conversely, the obtained results noticed decreasing TA in coated fruits
because of reducing the WVP and respiration rate.

The increase in phenolic and flavonoid contents in coated fruits
because the coating acts as a barrier against oxygen reduces ROS and
PPO activity that degraded the phenolic compounds (Adetoro et al.,
2020). On the other hand, the active ingredients in AgNPs other than KPI
strengthen the antioxidant activity of the Arabic gum coating (La et al.,
2021).

Malondialdehyde is decreased by limiting respiration, and the ac-
tivity of antioxidant enzymes like catalase, peroxidase, and superoxide
dismutase are preserved by adding hairy fig to a chitosan-based coating
(POD) (Chen et al., 2018). Peroxidase can regain its activity in stored
foods and degrades raw and processed fruit’s color, texture, and flavor
(He et al., 2020). Our results are in agreement with Ali et al. (2021).
POD’s sensitivity to light and temperature may be the cause of its
reduction after 30 days. Peroxidase activity in catalase catalyses the
conversion of Hy05 into HyO and O,, preventing the accumulation of
harmful levels of H202 brought on by metabolic processes (Amoako
et al., 2015).

Fresh fruit suffers severe cellular damage from reactive oxygen
species (ROS) during postharvest storage of horticulture crops; as a
result, antioxidant defence enzymes have been shown to remove ele-
ments causing fruit cell membrane disintegration (Meitha et al., 2020).
According to (Ma et al., 2021), lipid peroxidation is adverse to pulp cells.
Consequently, using functional coatings can be advantageous for
avoiding the formation of unsaturated fatty acids. Antioxidant activity is
produced by a variety of non-enzymatic antioxidants as well as enzy-
matic defensive mechanisms like SOD, CAT, and POD. Fruits defend
themselves from oxidative stress-related harm caused by ROS (Kapoor
et al., 2019).

The shelf life of coated fruits is increased by edible coatings like
Arabic gum, which keep less antioxidant enzyme activity and shield fruit
tissues from active oxygen (Ali et al., 2021). Therefore, it may be
speculated that KPI/AG/AgNPs 1 % regulated the Vermont mandarin
fruit’s oxygen exposure, reducing HoO, buildup and delaying the fruit’s
senescence.

5. Conclusion

Valorizing food waste is a global trend. In this study, we valorize
polyphenolic-rich pomegranate wastes by producing functional green
silver nanoparticles with medical applications. The PPAgNPs have high
phenolic content; therefore, they have potent activities, i.e., antioxidant,
antimicrobial, antiviral, and anticancer activities. The studied concen-
trations of PPAgNPs were safe, influencing the normal biochemical and
histological results of liver and kidney functions of rats. Because of the
antioxidant and antimicrobial properties of PPAgNPs, we can safely use
them to maintain the quality of citrus fruit stored at cold storage for an
extended period.
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