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Abstract

Silver nanoparticles (AgNPs) can be utilized in abroad fascinating biomedical, industrial, and agricultural applications, so they are in
increasing demand. However, the ability of AgNPs to accumulate in the human body may cause side effects on various organs. Pomegranate
peel extract (PPE) showed biological activity as a protective agent against hepatic and renal diseases. The present study aimed to
biosynthesize AgNPs using PEE (PPE-AgNPs) compared to starch (ST-AgNPs), PPE/ST-AgNPs, and chemical synthesis nanoparticles
NaBH4-AgNPs to study the physicochemical characteristics of NPs, determine the antioxidant activity and evaluate their biochemical toxicity
in vivo. Different synthesized AgNPs were characterized by Ultraviolet-visible (UV-VIS) spectrophotometer, Fourier transform infrared
(FTIR), ZetaSizer, and transmission electron microscope (TEM). Fifty five male albino rats were divided into 11 groups (5 rats/group) to
examine the toxicity of the prepared nanoparticles. Some hematological, biochemical parameters and apoptotic markers were evaluated. The
findings revealed that injected AgNPs caused toxicity in both liver and kidney, as shown in the activity of the liver enzymes and kidney
function. Treatment with PEE biosynthesized AgNPs injection ameliorated the harmful in hematological, biochemical parameters and liver
homogenate genotoxicity induced by AgNPs toxicity, which was observed histopathologically. These results concluded that natural products
and their NPs biosynthesis strategies can be exploited as a green chemistry approach, one-step, cost-effective, and eco-friendly for producing
stable AgNPs on a large scale that have the potential to alleviate the alternation in the hematology, biochemical parameters and genotoxicity
induced by AgNPs toxicity. This approach supports the dual purpose of natural product management.
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1. Introduction

Nanotechnology is a dynamic and expanding area, generating distinctive nanomaterials extensively utilized in biotechnology
and nanomedicine applications. Biological synthesis of these nanomaterials provides a straightforward, safe, and dependable
method, offering a more eco-friendly substitute for expensive and dangerous chemical procedures [1]. Compared to their
chemically synthesized counterparts, these biologically synthesized nanomaterials show improved biocompatibility. They
don't include any of the hazardous impurities that are usually created during chemical synthesis. Furthermore, organisms or
their metabolites can serve as capping and stabilizing agents, negating the need for extra stabilizing agents during biosynthesis
[2,3]. Because of their ease of use, safety, scalability, and promise for recycling agro-industrial waste, this biological
approach. in particular, the synthesis of metal nanoparticles like silver, copper, gold, and others using plant extracts or waste,
is gaining popularity [4,5]. Compared to traditional approaches, the sustainable synthesis of metal nanoparticles has numerous
advantages, including simplicity, cost-effectiveness, accessibility, non-toxicity, and eco-friendly. This synthetic approach can
also save a significant amount of energy at standard temperature and pressure. Root extract, seeds, leaf extract, stem extract,
and fruit extract are among the plant components employed in this process; these components act as reducing and stabilizing
agents [6-8].

As most in vitro investigations have shown, the cellular uptake of AgNPs is dependent on size, dosage, and coating.
According to in vivo biodistribution investigations, Ag accumulation and toxicity to both nearby and distant organs have been
documented after nanoparticles exposure. Even if the number of studies in this field has increased, more research is necessary
to comprehend the mechanisms of toxicity following different AgNPs exposure modalities [9].

Extract from pomegranates (Punica granatum L.) is high in phenolic compounds and phytochemicals, including flavonoids,
tannins, anthocyanins, and polyphenols including punicalagin and ellagic acid. These substances have demonstrated potent
reducing and antioxidant properties, which are essential for the biogenic synthesis of AgNPs and present a valuable resource
for this green synthesis approach [10,11]. Furthermore, the high tannin content of pomegranate extract can serve as a capping
and reducing agent, enhancing the stability and biocompatibility of the produced AgNPs. Although the aforementioned plant
extracts also include valuable bioactive components, pomegranate extract is a particularly appealing option for the
environmentally friendly production of AgNPs with improved biological properties due to its special combination and high
concentration of stabilizing and reducing agents [12]. Pomegranate extracts can also control reduction and capping reactions
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during the manufacture of AgNPs, producing more stable and tightly bound nanoparticles. For the synthesis of AgNPs, the
biogenic pathway has a number of benefits over chemical reduction and photochemical methods [13]. The possible toxicity of
the AgNPs can be decreased by stabilizing and lowering them using pomegranate extract [14]. In general, This approach may
serve as a basis for further studies and the development of novel treatments for cancer and infectious disorders [15].

Hence, the aim of this study was to employ a simple, rapid and environmentally acceptable approach for green synthesis of
AgNPs using pomegranate peel extract and starch as natural, cost-effective, and non-toxic reducing agents, which can serve as
alternatives to hazardous chemical ones utilized in conventional chemical methods, such as sodium borohydride (NaBH,).
Overall, in this study, green synthesis of AgNPs using pomegranate extract was assessed to study the physical and chemical
characteristics of NPs, evaluate their biologically eco-friendly properties, determine the antioxidant activity, and study the
toxicity of NPs synthesized from pomegranate extract in vivo.

2. Materials and methods

2.1. Chemicals and materials

Silver nitrate (AgNOs3), Starch (ST), Sodium borohydride (NaBrH,), and, 1, diphenyl-2-picryl hydrazyl (DPPH) were
purchased from Sigma Co., but pomegranate fruit was collected from a local market in Giza, Egypt.

2.2. Preparation of pomegranate peel extract (PPE)

The pomegranate peels weighing 50g were washed repeatedly with distilled water to remove the dust and organic impurities,
and then dried in an oven at 40 °C. The peels were cut into small pieces, ground in to powder, and boiled with 250 mL of
deionized water in a glass beaker under magnetic stirring for 30 min at 70 °C. The extract was cooled down and filtered using
Whatman No.Ifilter papers. The resultant filtrate was collected and stored at 4°C until use [6].

2.3. HPLC analysis of PPE phenolic and flavonoid compounds

Phenolic and flavonoid compounds were fractionated and detected by HPLC. Aqueous PPE was centrifuged at 10,000 x g for
10 min while being cooled and the supernatant was then filtered (size 0.22um). Two mL of the filtrate were collected in a vial
for auto-sampler injection into an HPLC Agilent (1260 series), which was outfitted with a solvent degasser, quaternary HP
pump (Series 1100) and UV detector. The mobile phase including water (A) and 0.05% trifluoroacetic acid in acetonitrile (B)
at a flow rate 0.9 ml/min, was sequentially programmed using the following linear gradient: 0 min (82% A); 05 min (80%
A); 5-8 min (60% A); 8-12 min (60% A); 12-15 min (82% A); 15-16 min (82% A) and 16-20 (82%A). The injection volume
was 5 pl for each of the sample solutions. The phenolic compounds were monitored at 280 nm and flavonoids at 330 nm using
an Eclipse C18 column (4.6 mm x 250 mm i.d., 5 pm) maintained at 40 °C. Phenolic acid and flavonoid standards were
dissolved in the mobile phase and injected into HPLC to calibrate tested samples against these standards based on retention
time and peak area by the data analysis of HEWLLET Packed software [2].

2.4. Green synthesis of AgNPs using PPE (PPE-AgNPs), starch (ST-AgNPs) and the mixture (PPE/ST-AgNPs)

AgNO; (1 mM, 50 mL) solution was added drop-wise to 10 mL of PPE, starch (5%) and 10 mL of the mixture (starch + PPE)
solution (reducing and capping agents) under magnetic stirring at 700 rpm at 60 °C for 30min. The mixture was protected
from light during synthesis. pH was adjusted to 8 using 0.1 M NaOH and then incubated overnight at room temperature until
the color of the mixture changed. Therefore, the reduction of Ag ions into AgNPs, followed by a change of color and
formation of AgNPs, can be visually observed. To eliminate the unreacted agents, AgNPs dispersion was centrifuged for 15
min at 12000 rpm (Sorvall MTX 150, Thermo Fisher Scientific Inc.), washed several times with deionized water under
centrifugation, followed by re-suspension in deionized water and kept at 4 °C until further use (Table 1) [1].

2.5. Chemical synthesis of AgNPs using NaBH, (NaBH,-AgNPs)

AgNPs were synthesized employing ice-cold NaBH, as a primary reductant agent to reduce the ionic silver and as a secondary
stabilizing agent to stabilize the formed nanoparticles [16,17]. Thirty milliliters of freshly prepared aqueous solutions of
NaBH, (0.002M) were added to an Erlenmeyer flask under magnetic stirring for 20 min with an ice bath, which was used to
slow down the reaction and give better control over the final particle size/shape.AgNO; solution (ImM, 2 mL) was added
drop-wise to NaBH, solution at 90 °C. Using 0.1 M NaOH, the pH of the solution was adjusted to 10.5 under continuous
heating at 90°C and maintained for 20 minutes or until the alteration in color was noticeable. The prepared nano-sized
particles were left to cool at ambient temperature. Therefore, the reduction of Ag ions into AgNPs, followed by a change of
color and formation of AgNPs can be visually observed. To eliminate the unreacted agents, AgNPs dispersion was centrifuged
for 15 min at 12000 rpm (Sigma, Germany), washed several times with deionized water under centrifugation, followed by re-
suspension in deionized water and kept at 4 °C until further use (Table 1).

Table 1: Summarized synthesis protocol of AgNPs

Ste Green Synthesis Variants (PPE-AgNPs, ST- Chemical Synthesis (NaBH,-AgNPs)
P AgNPs, PPE/ST-AgNPs)

Precursor 1 mM, 50 mL added drop-wise 1 mM, 2 mL added drop-wise
Reducing/Capping 10 mL of PPE, 10 mL of starch, or a 1:1 mixture of 30 mL freshly prepared NaBH, (0.002 M) as
Agents both (dual role as reducing and capping agents) primary reductant and stabilizer

. . 700 rpm, 60 °C, 30 min (light-protected), then Ice bath during initial mixing (20 min) to control
Reaction Conditions incubated overnight at room temperature nucleation, then heating at 90 °C for 20 min
pH Adjustment Adjust to pH 8 Adjust to pH 10.5
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2.6. Characterization of synthesized AgNPs
2.6.1. Visual observation and UV-VIS spectroscopy

The change of color was visually monitored to check the formation of AgNPs in a solution. Therefore, UV-Vis spectral
analysis of synthesized NPs was performed to monitor the reduction of silver ions through a UV-VIS spectrophotometer
(Thermo Scientific HERYIOS, England) at the scanning range of 300-700 nm with a resolution of one nm. The deionized
water was used as a blank.

2.6.2. Particle Size and Zeta Potential

The mean hydrodynamic diameter with particle size range from 0.6 to 6000 nm and surface charge with zeta potential range
from -200 to +200 mV of the synthesized NPs were performed using a Zetasizer Nano series (Nano ZS) particulate size
description Analyzer (Malvern UK.)at scattering angle 90° at room temperature. For three minutes, each measurement was
captured through cumulative analysis to investigate the mean hydrodynamic diameter and the zeta potential.

2.6.3. Transmission electron microscopy (TEM)

The shape and size of produced NPs were determined using TEM (JEOL JEM-1400). A drop (2 uL) of NPs suspension was
placed on a copper grid and utilized at a voltage of 200 kV.

2.6.4. Fourier transform infra-red spectroscopy (FTIR)

FTIR (Thermo Scientific NICOLET 380 FT-IR) was used to reveal the functional groups of synthesized AgNPs owing to
their chemical structure by the potassium bromide (KBr) pellet method. Briefly, 2 mg of the samples were blended with 100
mg KBr, and then compacted to form a disc (3 mm in diameter). The absorption range of 400-4000cm™ was used to capture
the FTIR spectra of the tested samples.

2.7. Evaluation of antioxidant activity of PPE, PPE-AgNPs and PPE/ST-AgNPs by DPPH radical scavenging method
The antioxidant activity was measured by 1,1-diphenyl-2-picryl hydrazyl (DPPH) according to Sanganna et al. [18] with some
modifications. Briefly, 0.1 mM of ethanolic DPPH solution was prepared. The PPE or its biosynthesized AgNPs were
prepared in ethanol at various concentrations (0, 1.95, 3.9, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500, 1000 pg/mL) by
dilution [18]. Then 1 mL of ethanolic DPPH solution was mixed with 3 mL of PPE or its biosynthesized AgNPs solutions.
The mixtures were shaken vigorously, allowed to stand at room temperature for 30 min, and then absorbance was measured
spectrophotometrically at 517 nm. Ascorbic acid was used as a standard. The ICs, value of the tested samples was calculated
using the Log Dose Inhibition Curve. ICs is the concentration of the sample required to inhibit 50% of the DPPH free radical.
A reaction mixture recorded a lower absorbance, indicating more and greater free radical activity. The experiment was done in
triplicate. The percent DPPH scavenging effect was calculated as follows:

DPPH scavenging % (% inhibition) = (Ay- A;/ Ag) x 100

Where A, was the absorbance of control reaction, and A; was the absorbance with the tested or standard sample.

2.8.  Invivo Experiment

2.8.1. Ethics approval

This study protocol was performed in the Biochemistry Department, Faculty of Agriculture, Cairo University. The approval
was carried out by the Institutional Animal Care and Use Committee (CU-IACUC) reviewers under ethical approval number
CUI11F2522.

2.8.2. Experimental animals

Fifty-five =~ male albino Sprague-Dawley rats weighing 180 + 20 g were supplied from the animal house of the National
Research Centre, Dokki-Giza, Egypt. The animals were housed in the animal house of the Economic Entomology and
Pesticide Department, in the Faculty of Agriculture, Cairo University in polyethylene cages at 25 + 2 °C, 50-60% relative
humidity and a light/dark cycle (12/12 h). The animals were adapted to free access to water and fed ad libitiumon a basal diet
for weeks adaptation period before the initiation of the experiment.

2.8.3. Invivo Experiment design

After a period of adaptation (two weeks), 55 of the experimental animals were divided into 11 groups (5 rats each) as follows:
Group (1) was injected intraperitoneally (i.p.) with 200 uL sterile saline (normal control). Group (2) was injected i.p. with
PPE (1 mg/kg b.w.). Group (3) was injected i.p. with PPE (5 mg/kg b.w.). Group (4) was injected i.p. with NaBH,-AgNPs (1
mg/kg b.w.). Group (5) was injected i.p. with NaBH,-AgNPs (5 mg/kg b.w.). Group (6) was injected i.p. with PPE -AgNPs
(1 mg/Kg b.w.). Group (7) was injected i.p. with PPE -AgNPs (5 mg/Kg b.w.). Group (8) was injected i.p. with ST-AgNPs
(1 mg/Kg b.w.). Group (9) was injected i.p. with ST -AgNPs (5 mg/Kg b.w.). Group (10) was injected i.p. with PPE/ST-
AgNPs (1 mg/Kg b.w.). Group (11) was injected i.p. with PPE/ST-AgNPs (5 mg/Kg b.w.).The experimental feeding period
continued for 12 weeks, and all groups were injected with every two consecutive days.

The chosen silver nanoparticle doses (1 mg/kg and 5 mg/kg) to provide significant biological effects within this dose range
without causing extensive systemic toxicity or lethality. The doses were also supported by our pilot experiments in our
laboratory performed before these studies, which validated their safety and biological relevance. To verify the sample size
sufficiency, post hoc power analysis was conducted using G*Power software version 3.1. With 11 groups (n = 5 animals per
group, total n = 55), with a medium effect size (f = 0.25) and a = 0.05, the statistical power was calculated to be
approximately 0.84, which is considerably higher than the conventional value of 0.80. This confirms that the study was well
powered to detect meaningful differences among treatment groups, and the design meets accepted preclinical toxicological
study standards.

2.8.4. Collection of blood and tissue samples

After 12 weeks, the experimental animals were fasted overnight, decapitated, and blood samples of each rat were collected in
dry-cleaned, sterilized and labeled centrifuge tubes. Serum was separated with centrifugation at 3000 x g for 5 min and kept at
-20 °C until hematological and biochemical investigation. Organs of rats (liver, kidneys, spleen, lungs and testes) were taken
for the determination of their weight. Liver tissues were taken, immersed in phosphate-buffered saline (PBS) solution (pH
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7.4)and homogenized for genotoxicity investigation. Organs of rats (liver, kidneys and testes) were taken and immersed in
10% formalin solution for the histopathological examination.

2.8.5. Hematology and biochemical analysis

Complete blood capture (CBC) was evaluated automatically in all groups [19], which include red blood cells (RBCs), white
blood cells (WBCs), hemoglobin (Hb), hematocrit value (Hct), leucocyte count and platelets (Plt) [20]. Fasting blood
glucose(FBG)level in serum was determined in all the studied groups using blood glucose meters and an autoanalyzer
(glucose kit). Serum aspartate aminotransferases (AST) and Serum alanine aminotransferases (ALT) were assessed
colorimetrically according to the method described by Reitman and Frankel [21] using GPL Kits, Barcelona, Espafia. Serum
alkaline phosphatase (ALP) activity was evaluated colorimetrically according to the method of Belfield and Goldberg [22].
Serum total bilirubin levelwas measured colorimetricallyaccording to the method described by Walter and Gerarde [23].
Serum urea level was measured according to the method described by Fawcett and Scott [24], using Diamond Diagnostics
kits, Egypt. Serum creatinine level was analyzed by the colorimetric procedure using Diamond Diagnostics kits, Egypt,
according to Houot [25]. Serum uric acid levelwasenzymatically carried out according to the method described by Barham
and Trinder [26]. Serum total protein was carried out according to Gornall et al. [27].Serum total albumin and Serum total
globulin were performed according to Doumas et al. [28].

Serum triglycerides were determined colorimetrically according to the methods of Fossati and Prencipe [29] using the
Diamond Diagnostics kit, Egypt. Serum total cholesterol was determined by the aquantitative —enzymatic- colourimetric
method of Allain et al. [30] using Diamond Diagnostics kit, Egypt. Serum HDL- cholesterolwas determined according to
Grove [31] by Diamond Diagnostics, kit, Egypt.Serum LDL- cholesteroland Serum vLDL -cholesterol were calculated
according to Friedewald et al. [32] by using the Diamond Diagnostics kit, Egypt.

Genotoxicity examination was analyzed in liver tissue homogenate including BAX (Bcl-2-associated X protein), BCL-2 (B-
cell lymphoma 2) and CASP-3 (Caspase 3).

2.8.6. Histopathological examination of liver, kidneys and testes

The liver, kidneys and testes of the sacrificed rats were eliminated and soaked in a 10% formalin solution. The tissue slides
were then sheared washed and dehydrated in alcohol. These dehydrated sections were cleared in xylol, embedded in paraffin,
sectioned at a thickness of 4-6 microns and stained with Hematoxylin and Eosin (H&E) for histopathological examination the
study [33].

2.9. Statistical analysis

The Costat program was used to perform the statistical analysis as mean * standard deviation according to Fisher [34].In
order to compare the significant differences between treatments means, the Least Significant Difference (LSD) test was
employed [35]. Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the
insignificant difference at P<0.05.

3. Results and discussion

3.1. HPLC analysis of PPE phenolic and flavonoid compounds

Pomegranate peels are an enriched source of functional ingredients including phenolic and flavonoid compounds. The HPLC
analysis of the pomegranate peels for its phenolic compounds (Table 2) revealed the presence of 11 compounds in
pomegranate peels. It was noticed that gallic acid, chlorogenic acid, catechin, methyl gallate, syringic acid, ellagic acid,
vanillin, ferulic acid, naringenin, cinnamic acid and hesperidin were detected as shown in Table (2). Ellagic acid and gallic
acid were the main functional ingredients with higher concentrations of about 41897.5 and 14645.9ug/g, respectively,
comparable to other compounds.

Table 2: HPLC analysis of polyphenols and flavonoids of PPE

Compounds Concentration (ng/g)
Gallic acid 14645.9
Cholorogenic acid 26.70
Catichin 5021.5
Methyl gallate 1206.16
Syringic acid 307.87
Ellagic acid 41897.5
Vanillin 81.18
Ferulic acid 56.12
Naringenin 114.13
Cinnamic acid 1672.16
Hesperedin 49.9

3.2. Characterization of synthesized AgNPs

3.2.1. Visual Observation and UV-VIS Spectroscopy

In the instance of a reaction mixture, the synthesis of AgNPs from AgNO; solution utilizing PPE, ST and NaBH,; was
completed rapidly. Since the mixture was exposed to stirring and heat for 30 min at room temperature and during incubation
at room temperature overnight, the reduction of silver ions into AgNPs was commonly followed by a slow change of color
from colorless or light yellow to reddish brown colloidal solution, indicating and monitoring the formation of AgNPs.The
alteration of color during the reaction occurs due to the excitation of surface plasmon resonance in the AgNPs [36].
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Indicating the biogenic synthesis and the formation of AgNPs
visually, the addition of AgNOjcaused a color shift from yellowish-orange to reddish-brown and furthermore, the adjustment
of the pH to 8 led to a yellowish-black color [37]. Given its direct impact on size and form, this finding emphasizes the crucial
role of pH in the synthesis of AgNPs [38]. Because of variations in ion density and diffusion rates, alkaline environments
promote larger particles while acidic environments favor smaller ones[39]. Therefore, most likely, the employed pH range
didn't significantly utilize the PPE's antioxidant degradation. PPE and ST with their hydroxyl abundance groups and their
biocompatibility were used as reducing and capping agents

Color perception of the chemicals involved is directly impacted by absorption in the visible range. Electronic transitions occur
in molecules in this area of the electromagnetic spectrum. The formation of synthesized AgNPs in aqueous solution was
confirmed using UV-VIS spectrophotometer analysis. The UV-VIS spectra of the prepared nano-formulations, along with
their corresponding absorption peaks and wavelength are shown in Figure (1) and the scanning range for the sample was from
300 to 700 nm. The strong surface plasmon resonance band of AgNPs appears in the range of 440-480 nm [40].

Reaction mixtures of AgNO;with PPE, ST, PPT/ST and NaBH, showed absorption peaks at 455,420, 420 and 460 nm,
respectively, which are specific to AgNPs and a characteristic peak of AgNPs surface plasmon resonance the visible region
[41].These findings are similar to Hassan et al. [42], who revealed that a strong peak was observed at 425 nm in
pomegranate’s silver bullet. Since AgNPs exhibited a characteristic peak in the spectrum at 425 nm, this indicated that the
reduction procedure was effective. A higher number of NPs will produce a more considerable peak; hence the peak's intensity
is an indication of the number of NPS generated. An increase in intensity might be interpreted as the formation of a greater
number of NPs as a result of the reduction of AgNO; present in aqueous solutions during the reduction process.

Overall, the abrupt color shift and sharp, intense absorbance in the initial minutes of the process showed the capability of PE
to produce ultra-fast nanoparticles. These results closely resemble those that have been reported in previous literature [43].
AgNPs have garnered more attention due to their distinctive physicochemical properties and outstanding uses across
numerous of domains, such as nanotechnology and healthcare [44]. The development of sustainable and environmentally
friendly processes for AgNPs synthesis has garnered increasing attention in recent years [45]. As a more affordable and
sustainable approach, the biogenic synthesis of AgNPs, which leverages biological sources including fungi, microbes, and
plants as reducing and stabilizing agents, is one promising strategy [46]. Thus, the biogenic synthesis of AgNPs from PPE was
investigated in vitro. Prior research has investigated the synthesis of AgNPs utilizing a variety of plant extracts, including aloe
vera, tea, and neem, indicating their potential for use in biomedical applications [47]. Nevertheless, these investigations
frequently documented constraints on NPs, scalability, stability, and size uniformity. In contrast, this strategy using PPE,
which is abundant in polyphenols, tannins, and other phytochemicals, facilitates a more monitored synthesis process
to address these challenges and produce stable and uniform NPs. Aly et al. [48] showed the absorption intensity of
biosynthesized AgNPs using commercial as well as the narrowness of the Ag-NPs Plasmon band, almost without affecting the
maximum absorption peak of AgNPs at 430 nm.
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Figure 1: UV-VIS Spectroscopy of PPE-AgNPs (A), ST-AgNPs (B), PPE/ST-AgNPs (C) and NaBH,-AgNPs (D).

3.2.2. Particle size and zeta potential

Dynamic light scattering (DLS) confirmed the size distribution of synthesized NPs, revealing mean diameters of 168.9, 139.6,
130.3 and 21.9 nm (Figures 2 A-D and Table 3), and Zeta potential of -7.74, -16.6, -18.2 and -22.4 mV (Figures 3 A-D and
Table 3) for PPE-AgNPs, ST-AgNPs, PPE/ST-AgNPs and NaBH,-AgNPs, respectively. This indicated a negative surface
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charge, which indicates moderate stability, promoting electrostatic repulsion between particles to enhance the stability of the
AgNPs. Zeta potential analysis was performed in order to analyze the surface potential and electrostatic stability of AgNPs in
aqueous suspension. Higher negative surface charge NPs typically form stable colloids that disperse efficiently and show no
evidence of aggregation. Particles with a negative zeta potential are negatively charged and repel one another, which stops
them from aggregating. The NPs in suspension are kept stable by this repulsion, which also keeps them from settling out of
the solution. According to zeta potential values for the biosynthesized pomegranate-AgNPs, Hassan et al. [42] found that zeta
potential was —14.8 mV, which indicates moderate stability. For instance, the solutions with zeta potential above + 20 mV or
below — 20 mV are stable. The relatively high negative zeta potential prevents aggregation between the particles and creates
significant electrical double layer repulsion, which allows the zeta potential of the nanoparticles to signal the electrical surface
properties of the particle.

Size Drstribution by Intensity ‘Sze Distributon by Intensity

w

Intensity (%)

Size (d.nm) Size (d.nm)
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Figure 2: Particle size distribution of PPE-AgNPs (A), ST-AgNPs (B), PPE/ST-AgNPs (C) and NaBH,~AgNPs (D).
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Figure 3: Zeta potential for PPE-AgNPs (A), ST-AgNPs (B), PPE/ST-AgNPs (C) and NaBH,~AgNPs (D).

Table 3: PS (nm) and ZP (mV) for PPE-AgNPs, ST-AgNPs, PPE/ST-AgNPs and NaBH,~AgNPs.

PS (nm) PDI ZP (mV)
PPE-AgNPs 168.9 0.2 -1.74
ST-AgNPs 139.6 0.472 -16.6
PPE/ST-AgNPs 130.3 0.440 -18.2
NaBH,-AgNPs 219 0.609 -22.4

- PS = particle size, PDI = polydispersity index, ZP = zeta potential
3.2.3. Transmission electron microscopy (TEM)
TEM analysis was displayed to show the morphology and size distribution of synthesized nanoformulations. All synthesized
AgNPs were demonstrated mostly spherical shape (Figures 4 A-D), which indicated the completion of the NPs synthesis
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process. According to TEM images, the synthesized AgNPs showed a consistent size distribution, suggesting that they were
moderately aggregated and capable of retaining their original shape. The size diameter of synthesized NPs ranged from 9.63 to
49.0 nm. Hassan ef al. [42] showed that TEM micrographs of the pomegranate-AgNPs showed a consistent size distribution,
suggesting that they were not aggregated and capable of retaining their original shape. The particles were assessed to be in the
typical size range of 20-25 nm. The spherical shape and distribution of pomegranate-AgNPs were also shown by the TEM
micrograph, indicating the stability, reliability and appropriations of the synthesized NPs for utilization across numerous
applications because it demonstrates that they are uniformly dispersed and of a suitable size and shape. As reported by
Yaqoob et al. [49], TEM analysis of AgNPs showed that they were spherical and cubic. The AgNPs' particle size range of 20
to 25 nm was also revealed by the TEM. Due to their high biocompatibility and ease of dispersion in aqueous solutions,
AgNPs in this size range are perfect. Furthermore, AgNPs in this size range are very stable and readily applicable to a variety
of biomedical applications [50].

A B

Figure 4: TEM micrograph of PPE-AgNPs (A), ST-AgNPs (B), PPE/ST-AgNPs (C) and NaBH4~AgNPs (D).

3.2.4. Fourier transform infrared (FTIR)analysis of PPE and synthesized NPs

The existence of different functional groups in biomolecules that are in charge of bio-reducing Ag* and capping/stabilizing
AgNPs was determined using FTIR measurements (Figures 5-9). The function groups were determined by comparing the
observed intensity bands with standard values. FTIR spectrum displays absorption bands at 3286.13, 2906.54, 1715.13,
1602.10, 1333.55, 1221.26, 1144.91 and 1024.52 demonstrating that NPs include a capping agent (Figure 5). The absorption
bands at 3286.13 cm’™ in spectra correspond to the O-H stretching vibration, demonstrating the presence of alcohol and
phenol. The peak at 1602.10 corresponds to the C=0 stretching vibration of carbonyls [S1]. Results of the FTIR study of
biosynthesized AgNPs using PEE showed absorption peaks At 3278.40, 2935.29, 1717.76, 1606.35, 1190.69 and 1016.89 cm’
! (Figure 6). The absorption peaks were assigned to free hydroxyl groups or phenolic hydroxyl, C-H of alkanes, O-H of
alcohol or N-H of amines, C=0 of carboxylic acid or ester, O-C stretching, C-N of aliphatic amines or alcohol/phenol and
aromatic C-H, respectively. Results of the FTIR study of biosynthesized AgNPs using ST showed absorption peaks at
3266.00, 2925.11, 1600.89, 1334.87, 1148.74 and 1010.22 cm™ (Figure 7). The absorption peaks were assigned to free
hydroxyl of alcohol or phenol, O-H of alcohol or N-H of amines, C-H of alkanes, O—C stretching, C=0 of carboxylic acid or
ester, hydroxyl groups or phenolic hydroxyl, C-N of aliphatic amines or alcohol/phenol and aromatic C-H, respectively
.Absorption band was observed at 3266.00cm™" indicating the O-H stretching of ST. The C-H band showed asymmetric
stretching at 2925.11 ¢cm™, while the water adsorbed in the amorphous area of ST was responsible for the band at 1600.89
cm™'. The distinctive band that appeared at 1010.22cm™" was due to C—O-H bending of ST. In addition, the peaks in the ST-
capped NPs were broader and longer than in ST alone, suggesting this may be because of intra- and intermolecular hydrogen
bonds. The effective OH group of the ST capping agent is successfully bound to the AgNPs, as confirmed by the ST
characteristic bands exhibited in the synthesized NPs.Results of the FTIR study of biosynthesized AgNPs using PEE and ST
showed absorption peaks at 3723.43, 3263.35, 1729.44, 1635.98, 1328.31 and 993.39 cm™' (Figure 8). The absorption peaks
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were assigned to free hydroxyl of alcohol or phenol, O-H of alcohol or N-H of amines, C—H of alkanes, O—C stretching, C=0
of carboxylic acid or ester, hydroxyl groups or phenolic hydroxyl, C-N of aliphatic amines or alcohol/phenol and aromatic C-
H, respectively. Results of the FTIR study of biosynthesized AgNPs using NaBH, showed absorption peaks at 3339.88,
2874.66, 1650.59, 1650.59, and 1345.64 cm™’ (Figure 9). The absorption peaks were assigned to O-H, C—H, O-C stretching
and N=-O, respectively. All these results indicated that AgNPs were attached to the functional groups presented in PPE and
ST. The silver atom and the electron-rich groups (oxygen/carbonyls) found in PPE and ST created a coordination bond, which
caused the peak to shift and an increase in bond length and frequency.

The FTIR analysis of pomegranate-AgNPs showed that the extracellularly synthesized pomegranate extract produced firm
peaks at 2953.36 cm™', 1651.33 cm™', 1423.10 cm™, 224.72 cm™, 1046.89 cm™, 931.42 em™, 645.29 cm™', and 571.06 cm™.
These peaks were ascribed to the carbonyl (C=0), amide I, amide II, O-H stretching, C-H stretching, C-N stretching, C-O
stretching, and C-OC stretching vibrations [52], respectively. Moreover, the Ag-O bond is also responsible for the peak at
2953.36 cm™', while the Ag-N bond is responsible for the peak at 1651.33 cm™ [53]. The FTIR spectrum of the pomegranate-
AgNPs indicated that the extract's phytoconstituents have effectively contributed to the production and functionalization of
AgNPs [54]. Pomegranate extract has been shown to contain flavonoids and polyphenols in preliminary research. The finding
lends evidence to the hypothesis that flavonoids and polyphenols contribute in the fabrication of AgNPs [55]. The formation
and stabilization of AgNPs are significantly influenced by these polyphenols and flavonoids.
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3.3. Antioxidant activity of PPE, PPE-AgNPs and PPE/ST-AgNPs by DPPH radical scavenging

The DPPH radical scavenging activity of PPE and its biosynthesized AgNPs compared to ascorbic acid as a standard was
displayed in Table (4). The results confirmed that the PPE and its biosynthesized AgNPs have free radical scavenging. There
was a dose-dependent increase in antioxidant activity as the concentration increased. The PPE, PPE-AgNPs and PPE/ST-
AgNPs at various concentrations (1.95-1000 ug/mL) displayed antioxidant activity of 41.8% to 98.4%, 41.8% to 96.9% and
7.7% to 60% with an average ICs, value of 3.91, 4.28 and 391.14 pg/mL, respectively. The PPE-AgNPs exhibited higher
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scavenging activity of DPPH of the prepared nanoparticles (ICsy value 4.28 pg/mL) about similar the standard ascorbic acid
(ICs value 4.08 ug/mL) but not higher than PPE which exhibited scavenging activity of DPPH (ICs, value 3.91 pg/mL)
similar of the standard ascorbic acid (ICs, value 4.08 ug/mL). The percentage of DPPH that is decreased by a known quantity
of sample extract is a measure of the ability of the plant extract to scavenge free radicals. The response between a particular
antioxidant and a stable free radical, such as DPPH, is fascinating in the DPPH assay. In this study, it could be noticed that
PPE and its biosynthesized AgNPs had a great free radical scavenging activity and showed a significant increase in the
percent DPPH inhibition compared to the control, which the least scavenging activity. This activity is probably due to the
extract's high phenolic component concentration, especially its flavonoid content. These results demonstrate its potential as a
natural antioxidant source. According to recent research, PPE has a wider range of uses than just antioxidants. It is effective as
a multifunctional agent that can be used as a reducing, capping, and stabilizing agent during metal nanoparticle synthesis [S3].
DPPH provides a simple and rapid assessment and is widely used to determine the antioxidant activity of compounds or
nanoparticles. Compared to ordinary reference ascorbic acid, PPE/ST-AgNPs have lower antioxidant activity because the
presence of starch in the nanoparticles structure may affect the scavenging activity by coating the function groups of plant
extract and the aggregation effect on the nanoparticles activity (Figure 4C). Ascorbic acid showed a greater scavenging
activity (ICsy 4.08 pug/mL) than PPE/ST-AgNPs, which had a larger ICsy value (391.14 pg/mL). Compared to ascorbic acid
(ICs0 32.6+14.8 ng/mL), the synthesized AgNPs, which had a larger ICs, value (61.81£19.4 pg/mL) demonstrated a weaker
scavenging activity [56]. The use of antioxidants for alleviating oxidative stress is becoming more prevalent, and natural
antioxidants are increasingly common compared to synthetic ones. Pomegranate-AgNPs are enriched antioxidant sources
ready to go into the tissues, given their ability to easily and rapidly penetrate deep down into the tissues. AgNPs are an
efficient scavenger of free radicals, particularly those based on oxygen. Oxidation-reduction processes are used to produce
metallic nanoparticles from precursor salts. The reducing agents included in plant extracts cause the electrons to migrate to the
metal precursor's ions, generating NPs [57]. The synthesis of AgNPs from plants is more advantageous compared to
microorganisms and algae, since it eliminates the time-consuming steps involved in cultivating the cultures on media, making
it less biohazardous and easily enhanced [58]. Tyagi al. [59] indicated that the antioxidant potential was dose-dependent in
both AgNPs and the extract. Also, Erenler and Dag [60] revealed that the DPPH scavenging ability was significant with the
IC5p of 12.25 mg mL™"! of the biosynthesized AgNPs but higher than the ICs of the plant extract (ICsy 21.66 mg mL™).

Table 4: DPPH scavenging% of PPE, PPE-AgNPs and PPE/ST-AgNPs comparable with ascorbic acid (standard)

DPPH scavenging %

Concentrations 1000 500 250 125 625 3125 15.625 7.8125 3.9 195  IGCs
(ug/mL) (ug/mL)
Ascorbic acid 97.0 945 927 864 780 712 64.2 56.3 458 417 4.08
PPE 98.4 965 922 848 781 714 64.6 572 475 418 391
PPE-AgNPs 96.9 948 908 8.1 771 705 63.5 54.9 46.7 418 4.28
PPE/ST-AgNPs 60.0 526 463 388 322 285 24.1 17.7 125 7.7 391.14

3.4. Body weight, body weight gain, food intake and feed efficiency of the experimental animals

The data presented in Table (5) showed that the initial body weights of all groups were non-significantly different, however,
after 12 weeks of the initial period; body weight gain was significantly lower in NaBH,;-AgNPs (5 mg), PPE -AgNPs (1 mg),
PPE/ST-AgNPs (1 mg) and PPE/ST-AgNPs (5 mg) groups as compared to other groups. The gain in body weight at the end of the
experimental period for the normal control group was 233 g, while PPE (5 mg), NaBH,-AgNPs (5 mg), PPE-AgNPs (1 mg),
PPE/ST-AgNPs (1 mg) and PPE/ST-AgNPs (5 mg) groups were212, 113, 113, 176 and 197 g, respectively. These results showed
that these applied treatments may have negative effect on feed efficiency which was 4.7% for PPE (5 mg), 5.1% for NaBH,-
AgNPs (5 mg), 5.1% for PPE-AgNPs (1 mg), 8.1% for PEE/ST-AgNPs (1 mg) and 5.8% for PPE/ST-AgNPs (5 mg) as compared to
other groups. On the other hand, PPE (1 mg), NaBH,-AgNPs (1 mg), PPE-AgNPs (5 mg) and ST-AgNPs (5 mg) groups showed a
higher Increase in body weight gain compared to the normal control group which was 240, 303, 275 and 297 g, respectively.
These results hypothesized that these applied treatments may have non-significant differences in feed efficiency and weight
gain.

Table 5: Body weight, body weight gain,food intake and feed efficiency of the experimental animals

Treatment Initial body f):;:ial body weight gain Food intake Feed efficiency Relative to

weight (@) | Y @ (@ (%) control (%)
Group (1) 187+2.1 420+1.3 233+]1.1° 2155 10.8 100
Group (2) 176£3.2 416+0.5 240+1.0° 2175 11.0 102
Group (3) 180+2.1 392+1.5 212+1.6° 2180 4.7 90
Group (4) 181£3.5 484+0.2 303+0.4% 2150 14.0 130
Group (5) 183+2.4 296+0.1 113+0.2¢ 2197 5.1 47
Group (6) 186+2.5 299+1.7 113+1.3¢ 2187 5.1 48
Group (7) 1774£3.3 452+1.3 275+0.9%° 2180 12.6 117
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Group (8) 188+2.01 414+1.4 226+0.8° 2177 103 95
Group (9) 175£3.1 454+0.3 297+0.9° 2187 135 125
Group (10) 183+3.19 359+0.2 176+0.4° 2176 8.1 75
Group (11) 185+3.4 312+1.1 197+0.7° 2189 5.8 54

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference at P<0.05.
Group (1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH4-AgNPs (1 mg); group (5): NaBH4-AgNPs (5 mg); group (6): PPE-
AgNPs (1 mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group
(11): PPE/ST-AgNPs (5 mg).

3.5. Liver weight and kidney weights of the experimental rats

Table (6) shows the liver and kidney weights of animals in each group. In the experimental period, animals treated with PPE-
NPs (1 mg) and PPE/ST-NPs (5 mg) significantly decreased their liver weights, which were 4.62+0.8 g (ratio 2.48%) and
4.1240.5 g (ratio 2.22 %), respectively, when compared with the normal control group, 5.54+0.2 g (ratio 2.70 %). The weight
value of kidneys was 1.46+0.3 g (ratio 0.70%) for the normal control group, but the value was significantly decreased for the
PPE/ST-NPs (5 mg) group, which was 1.06£0.2 g (ratio 0.57 %). The other groups didn’t have non-significant differences
compared to the normal control group. The decrease in liver weight (4.62 + 0.8 g, ratio 2.48%, and 4.12 + 0.5 g, ratio 2.22%)
when compared to controls (5.54 + 0.2 g, ratio 2.70%) may be indicative of a hepatocellular response to nanoparticle
exposure. While small decreases in liver weight may indicate reduced metabolic activity or reversible hepatocellular
contraction, they might also result from subclinical toxicity or perturbed protein synthesis [61]. Nevertheless, as there were no
gross findings of systemic toxicity and other groups received no significant alterations, these findings could be a result of
dose-dependent metabolic adaptation and not irreversible liver damage. Similarly, the reduction in kidney weight within the
PPE/ST-NPs (5 mg) group (1.06 + 0.2 g, ratio 0.57%) with respect to controls (1.46 + 0.3 g, ratio 0.70%) is significant.
Kidney is a primary clearance organ for nanoparticles, and weight losses may reflect changes in renal perfusion or earliest
evidence of nephron involvement rather than frank structural damage [62]. Nevertheless, the absence of analogous changes in
the other treatment groups suggests that the response is formulation- and dose-dependent rather than a general feature of all
PPE-based nanoparticles. The absence of substantial weight loss in the majority of groups is in agreement with previous
reports indicating that biologically synthesized silver nanoparticles have comparatively low subacute toxicity against their
chemically synthesized analogs [63]. Yet, in the absence of supportive histopathological or biochemical evidence, it cannot be
ascertained if the weight losses are simply benign physiological adaptation or initial organ stress.

Table 6: Liver weight, kidneys weight and the ratio relative to animal body weight

Initial body Kidneys Ratio Relative to Liver Ratio Relative to
Treatment weight weight control weight control
G G % % g % %
Group (1) 203£2.5 1.46+0.3° 0.70 100 5.54+0.2 2.70 100
Group (2) 176+0.5 1.35+0.3% 0.76 108 5.07+0.1% 2.90 107
Group (3) 180+1.5 1.44+0.7° 0.80 114 5.45+0.1° 3.02 114
Group (4) 181+0.2 1.38+0.2 0.76 108 4.95+0.8° 2.73 101
Group (5) 18340.1 1.49+0.3* 0.81 115 5.27+0.1% 2.87 106
Group (6) 186+1.7 1.36+0.6™ 0.73 104 4.62+0.8° 2438 91
Group (7) 177+1.3 1.3540.5 0.76 108 5.05+0.3% 2.85 105
Group (8) 188+1.4 1.3240.6° 0.70 100 4.84+0.5 2.57 95
Group (9) 175+0.3 1.34+0.2% 0.76 108 4.45+0.3% 2.54 94
Group (10) 183+0.2 1.30+0.7° 0.71 101 5.42+0.8* 2.96 109
Group (11) 185+1.1 1.06+0.2° 0.57 81 4.12+0.5° 2.22 82

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference at P<0.05. Group
(1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH4-AgNPs (1 mg); group (5): NaBHs-AgNPs (5 mg); group (6): PPE-AgNPs (1
mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group (11):
PPE/ST-AgNPs (5 mg).

3.6. Spleen, lungs and testes weights of the experimental rats

The results reported in Table (7) showed the spleen, lungs and test weights of rats in each group. In the study period, animals
administered with PPE alone (1 mg and 5 mg), NaBH,-AgNPs (1 mg and 5 mg), PPE-AgNPs (1 mg and 5 mg), ST-AgNPs (1
mg and 5 mg) and PPE/ST-NPs (1 mg and 5 mg) were significantly decreased in their spleen weights when compared to the
normal control group. The weight value of the spleen was 1.03+0.1 g (ratio 0.50%) for the normal control group but the value
was decreased for other groups which were 0.75+0.3 g (ratio 0.42%), 0.62+0.4 g (ratio 0.34%), 0.79+0.3 g (ratio 0.43%),
0.73£0.1 g (ratio 0.39%), 0.78+0.3 g (ratio 0.41%), 0.68+0.3 g (ratio 0.38%), 0.67£0.2 g (ratio 0.35%), 0.70+0.3 g (ratio
0.40%), 0.80+0.5 g (ratio 0.43%) and 0.64+0.6 g (ratio 0.34%), respectively. The weight value of the lungs was 1.12+0.7 g
(ratio 0.55%) for normal control group but the value was non-significantly increased for PPE (1 mg and 5 mg), NaBH,-AgNPs
(1 mg and 5 mg), PPE-AgNPs (1 mg), ST-AgNPs (1 mg and 5 mg), PPE/ST-AgNPs (1 mg and 5 mg) groups which were 1.27+0.4
g (ratio 0.72%), 1.234£0.5 g (ratio 0.68%), 1.16+0.2 g (ratio 0.64%), 1.32+0.5 g (ratio 0.72%), 1.11+0.2 g (ratio 0.60%),
2.26+0.3 g (ratio 0.67%), 1.30+0.4 g (ratio 0.74%), 1.30+0.4 g (ratio 0.71%) and 1.2540.6 g (ratio 0.67%), respectively. On
the other hand, the value was significantly increased for the PPE-AgNPs (5 mg) group which was 2.21£0.2 g (ratio 1.24%). The
weight value of tests was 4.35+0.5 g (ratio 2.14%) for normal control group but the value was non-significantly increased for
PPE (1 mg), NaBH,;-AgNPs (5 mg), PPE-AgNPs (1 mg) and PPE/ST-AgNPs (1 mg and 5 mg) groups, which were 4.02+0.4 g
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(ratio 2.28%),4.17+0.4 g (ratio 2.27%), 4.02+0.3 g (ratio 2.16%), 3.81+0.2 g (ratio 2.14%) and 3.63+0.2 g (ratio 1.96%). The
value was significantly increased in test weight of PPE (5 mg), NaBH,-AgNPs (1 mg), PPE-AgNPs (5 mg), ST-AgNPs (1 mg) and
ST-AgNPs (5 mg) when compared to the normal control group.

The results in Table (7) revealed a significant decrease in spleen weight in all the treatment groups, suggesting a generalized effect of
PPE, NaBH,-AgNPs, PPE-AgNPs, ST-AgNPs, and PPE/ST-AgNPs on immune organ cellularity, which may be a reflection of mild
immunomodulation rather than frank toxicity. The finding agreed with available evidence that silver nanoparticles would tend to
accumulate in the spleen and influence lymphoid tissue architecture. Lung weights were largely unaffected compared to controls, the only
exception being the notable increase in the PPE-AgNPs (5 mg) group, which indicates localized pulmonary accumulation or an
inflammatory response at the higher dose, consistent with literature accounts of nanoparticle deposition in pulmonary tissue. Testis
weights were significantly elevated in several groups, justifying the need for reproductive toxicity testing as nanoparticles have been
shown to cross the blood-testis barrier and induce oxidative stress or functional alterations in reproductive tissues. Collectively, these
changes in organ weights emphasize the necessity for supporting investigations, including histopathology, biochemical examination, and
biodistribution studies, to determine whether such changes are indicative of transient physiological adaptation or early morphological
manifestations of organ-specific toxicity [62,64].

Table 7: Spleen weight, lungs weight, testes weight and the ratio relative to animal body weight

I::;:;;l Spleen Rati Relative Lungs Ratio Retl(z;tlve Testes Ratio Reltaotlve
Treatment weight weight o to control weight control weight control
G G % % g % % g % %
Group (1) 203225 1.03:0.1°  0.50 100 1.12£0.10°  0.55 100 4.35£040°  2.14 100
Group (2) 176205 0.7520.03" 0.42 84  1272004° 0.72 130 4.02$£040° 228 106
Group (3)  180£1.5 0.62+0.04° 0.34 68  1.23+0.05*  0.68 123 437:037° 242 113
Group (4) 181202 0.79:0.03° 0.43 86 1.1620.10°  0.64 116 4.2930.40 237 110
b
Group (5) 18301 07320067 59 78 1324005 072 130 4.17+040° 227 106
Group (6) 18617 1782007  0.41 82 .11£0.10¢  0.60 109 1.02+£0.30b°  2.16 100
b
Group (7)  177+1.3 6820067 4 5 76 2212020° 1.24 225  4.89+040°  2.76 128
Group (8) 18814 0.67£0.04° 0.35 70 2262020  0.67 121 4912020 261 121
Group (9) 175203 0.7020.05° 0.40 80  1.30£0.12> 0.74 134 4412030°  2.52 117
g‘(')‘;“p 183202 0.80:0.05"  0.43 86  130£0.13° 071 129  3.81£020°  1.09 97
grl‘)’“p 185£1.1  0.64+0.06° 0.34 68  125:0.11*  0.67 121 3.63:020°  1.96 91

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference
at P<0.05. Group (1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH,-AgNPs (1 mg); group (5): NaBH-AgNPs (5 mg); group
(6): PPE-AgNPs (1 mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg)
and group (11): PPE/ST-AgNPs (5 mg).

3.7. Biochemical analysis

3.7.1. Liver function of the experimental animals

Because the majority of oral medications and xenobiotics are toxic to the liver, the liver is a key target organ. Effects of
synthesized AgNPs on liver function were determined, and the results were summarized in Table (8).The results showed that
the PPE (1 mg) administration alone significantly increased the activities of AST, ALT, AST/ALT ratio and bilirubin content
but significantly decreased the activity of ALP in the serum of PPE group(l mg) as compared to the normal control group.
The administration of the PPE (5 mg) significantly decreased the activities of ALT and ALP but significantly increased the
AST activity, AST/ALT ratio and non-significantly increased the content of bilirubin in comparison with the normal control.
Animals administered with NaBH,-AgNPs (1 mg) significantly increased the activities of AST, ALT, AST/ALT ratio and
bilirubin content but significantly decreased the activity of ALP when compared to the normal control group. Administration of
NaBH,-AgNPs (5 mg) significantly increased the activities of AST, ALT, ALP and bilirubin content, but significantly
decreased the AST/ALT ratio as compared to the normal control. As for the PPE-AgNPs (1 mg) group, significant changes with
an increase in the activities of AST, ALT and bilirubin content were observed but significantly decreased the AST/ALT ratio
and ALP activity as compared to the normal control. Administration of the PPE-AgNPs (5 mg) exhibited a significant reduction
in the AST/ALT ratio and ALP activity and significantly increased the activities of AST, ALT, ALP and bilirubin content as
PPE-AgNPs (1 mg) group when compared to the normal control group. A significant increase was observed in the activities of
AST, ALT and bilirubin content but significant reduction in the ALP activity and non-significant changes in AST/ALT ratio
when ST-AgNPs (1 mg) was compared to the normal control. ST-AgNPs (5 mg) group revealed a significant increase in the
activities of AST, ALT and bilirubin content, but a significant reduction in the ALP activity and non-significant changes in the
AST/ALT ratio as ST-AgNPs (1 mg) when compared to the normal control group. The administration of PPE/ST-AgNPs (1 mg)
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significantly increased the activity of AST, AST/ALT ratio and the content of bilirubin but significantly decreased the ALT
and ALP activities as PPE (5 mg) when compared to the normal control, on the otherwise, PPE/ST-AgNPs (5 mg) significantly
increased the activities of AST, ALT, AST/ALT ratio and the content of bilirubin but significantly decreased the ALP activity
compared to normal control group.

The liver enzyme profile as presented in Table 6 demonstrates that both the plant extract (PPE) and chemically (NaBH,) or
biotransduced synthesized AgNPs (PPE, ST, PPE/ST) caused dose-dependent hepatocellular effects as evident from the
alteration of serum transaminases, ALP activity, and bilirubin level. AST, ALT, and bilirubin elevations in more than one
treatment group indicate potential hepatocellular injury or metabolic strain, in line with previous research to prove that silver
nanoparticles can induce alterations of hepatic enzyme homeostasis and oxidative damage [65]. Variable but significant
alterations in AST/ALT ratio reflect differential trends of hepatocellular injury, where some of the samples (e.g., PPE/ST-
AgNPs at 1 mg) showed mixed hepatocellular and cholestatic patterns, whereas others (e.g., NaBH4-AgNPs at 5 mg) showed
more uniform elevation of the enzymes. ALP reduction observed in different groups could be suggestive of inhibition of
membrane-bound enzyme systems or enhanced damage to the bile canaliciuli function, and ALP increase in NaBH,-AgNPs (5
mg) could be suggestive of dose-related cholestasis. These results agree with earlier reports indicating that surface chemistry
of nanoparticles, capping, and route of synthesis play a significant role in hepatic uptake and toxicological profiles [66].

Table 8: Liver function of the experimental animals

Treatment ALT (U/L) AST (U/L) AST/ALT ALP (U/L) I?I‘I'l‘gr/‘:llz;’

Group (1) 12.02+0.44* 14.94+1.32° 1.18 244.66+20.03 0.3240.04°
Group (2) 12.2440.70° 20.8+1.46° 1.7 169.82+15.02° 0.60+0.02°
Group (3) 9.78+0.46° 22.2+1.43¢ 2.26 58.845.03° 0.39+0.02"
Group (4) 19.760.78° 37.8+1.30° 1.91 222.54+20.03¢ 0.78+0.05"
Group (5) 70.82+4.21¢ 56.3+2.80" 0.79 582.12+40.11° 1.7+0.15>¢
Group (6) 26.68+1.50° 17.16£1.33° 0.64 176.56+10.14° 0.44+0.04°4
Group (7) 32.8+1.79% 31.26+1.36° 0.95 201+20.07" 0.65+0.03%
Group (8) 24.94+1.26°%8 22.7241.93¢ 0.91 146.18+10.088 0.41+0.03¢
Group (9) 40.46+1.89°¢ 42.5+2.97° 1.05 197.28+10.11% 0.64+0.04°
Group (10) 8.03+1.69¢ 20.26+1.73° 2.50 120.76+10.09" 0.58+0.05°
Group (11) 15.8+1.08¢ 29.6+1.46¢ 1.87 211.20+10.06' 0.88+0.07°

LSD 5% 4.322 2.037 4.854 0.230

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference at P<0.05. Group
(1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH4-AgNPs (1 mg); group (5): NaBH,-AgNPs (5 mg); group (6): PPE-AgNPs (1
mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group (11):
PPE/ST-AgNPs (5 mg).

3.7.2. Protein profile of the experimental animals

As illustrated in Table (9), the action of synthesized AgNPs on the values of total soluble proteins, albumin, globulin and the
ratio of albumin/globulin was evaluated. The results revealed non-significant changes observed in the level of globulin and
albumin/globulin ratio, but a significant increase in total proteins and albumin levels with PPE (1 mg) administration as
compared to the normal control group. The administration of PPE (5 mg) showed significant increase in the levels of total
proteins, albumin, and globulin but non-significant changes were observed in albumin/globulin ratio (A/G) as compared to the
normal control. Animals administered with NaBH,-AgNPs (1 mg) showed significant changes in total proteins, albumin and
globulin and a significantly decreased albumin/globulin ratio as compared to the normal control group. Administration of
NaBH,-AgNPs (5 mg) significantly also decreased the levels of total proteins, albumin, globulin and albumin/globulin ratio as
compared to the normal control, but more than low level (1 mg). As for PPE-AgNPs (1 mg) group, a non-significant change in
the levels of total proteins, albumin, and globulin was illustrated, but a significant increase in the albumin/globulin ratio was
shown as compared to the normal control. Administered of PPE-AgNPs (5 mg) exhibited a significant reduction in the globulin
level and significantly decreased the albumin/globulin ratio, but non-significant changes in the levels of total proteins and
albumin were observed as compared to normal control group. A significant increase was observed in level of globulin, but a
significant reduction in the albumin/and globulin ratio and non-significant changes in total proteins and albumin levels when
ST-AgNPs (1 mg) was compared to the normal control. ST-AgNPs (5 mg), PEE/ST-AgNPs (1 mg and 5 mg) groups revealed a
significant increase in total proteins, albumin, and globulin levels but significant reduction in the ratio of albumin/globulin as
compared to the normal control group.

Alterations in the percentages of serum proteins following treatment with PPE, NaBH,-AgNPs, PPE-AgNPs, ST-AgNPs, and
PPE/ST-AgNPs indicate formulation- and dose-dependent alterations in protein synthesis in the liver and protein metabolism
in the system. Low-dose PPE (1 mg) was significantly correlated with total protein and albumin but not with globulin or A/G
ratio, whereas the 5 mg dose maximally elevated all three parameters but did not alter the A/G ratio, suggesting that PPE per
se acts to enhance hepatic synthetic activity most significantly without causing significant protein distribution alteration. In
contrast, NaBH,4-AgNPs caused broader dysregulation, with the 1 mg dose lowering the A/G ratio in the face of protein
fraction increases and the 5 mg dose causing general reductions across total proteins, albumin, and globulin, as seen with
reported nanoparticle-induced hepatocellular injury and impaired protein synthesis [62,67]. The PPE-AgNPs had a more
nuanced profile: the 1 mg dose caused few alterations apart from increasing the A/G ratio, while 5 mg decreased globulin and
A/G ratio without noticeably altering total protein or albumin. ST-AgNPs and PPE/ST-AgNPs at both doses increased total
proteins, albumin, and globulin but decreased the A/G ratio, a pattern that can suggest disproportionate globulin
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overproduction or altered albumin turnover. Such alteration of protein fractions has been associated with inflammatory
response, oxidative stress, and suppression of hepatic biosynthetic activity in AgNP-treated models [62,67]. This indicates
that, while plant extract per se can activate protein synthesis, its nanoparticle formulations particularly at high doses can have
multifaceted metabolic or immunomodulatory effects that require further histopathological and mechanistic evidence.

Table 9: Protein profile of the experimental animals

Albumin

Treatment Total protein (g/dL) (g/dL) Globulin (g/dL) A/G Ratio
Group (1) 6.62+0.68° 4.09+0.81% 2.53 1.61
Group (2) 7.14+0.64™ 4.54+0.21% 2.60 1.74
Group (3) 7.70£0.12% 4.82+0.15® 2.88 1.67
Group (4) 6.82+0.62%° 3.45+0.35® 3.37 1.02
Group (5) 4.98+0.44% 2.65+0.25% 2.33 1.13
Group (6) 6.90+0.14® 4.64+0.29" 2.26 2.05
Group (7) 6.68+0.67%° 5.3420.18% 1.34 3.98
Group (8) 7.00+0.67% 3.61+0.37" 3.40 1.06
Group (9) 7.18+0.09° 3.32+0.38% 3.86 0.86
Group (10) 7.2040.76° 4.18+0.15% 3.02 1.38
Group (11) 7.4620.74° 4.46+0.28¢ 3.00 1.48
LSD 5% 0.585 0.756 0.954

Each value represent the mean of 5 rats (Mean + SD). The same letters in each column represents the insignificant difference at P<0.05. Group
(1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH,-AgNPs (1 mg); group (5): NaBHs-AgNPs (5 mg); group (6): PPE-AgNPs (1
mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group (11):
PPE/ST-AgNPs (5 mg).

3.7.3. Kidney function of experimental animals

The synthesized AgNPs effects on the levels of urea, uric acid and creatinine were determined (Table 10). The results showed
a significant decrease observed in urea levels and a significant increase in uric acid and creatinine levels with PPE (1 mg)
administration as compared to the normal control group. The administration of PPE (5 mg) showed a significant increase in
the levels of uric acid and a significant decrease in urea levelsbut non-significant changes were observed in creatinine as
compared to the normal control. In administrated animals with NaBH,;-AgNPs (1 mg), there were slightiy significant changrs in
urea and creatinine levels, but significantly increased the level of uric acid as compared to the normal control group.
Administration of NaBH4-AgNPs (5 mg) significantly increased the levels of urea, uric acid and creatinine as compared to the
normal control. As for PPE-AgNPs (1 mg) group, non-significant changes in the levels of uric acid, a significant increase in the
creatinine levels and a significant decrease in the levels of urea were shown as compared to the normal control. Administration
of PPE -AgNPs (5 mg) exhibited a significant reduction in the creatinine level and significantly increased the urea and uric acid
as compared to the normal control group. A significant increase was observed in levels of uric acid and creatinine, but a non-
significant change in urea levels when ST-AgNPs (1 mg) were compared to the normal control. ST-AgNPs (5 mg) group revealed
a significant increase in urea, uric acid and creatinine levels as compared to the normal control group. The results demonstrated
that PPE/ST-AgNPs (1 mg) had a significant increase in the levels of uric acid and creatinine, and a significant decrease in the
urea, but PPE/ST-AgNPs (5 mg) significantly increased the urea and uric acid levels, but did not significantly affect the levels
of creatinine.

Table 10: Kidneys function of the experimental animals

Treatment Urea (mg/dL) Uric acid (mg/dL) Creatinine (mg/dL)
Group (1) 32.16+1.65° 2.70+0.18" 0.84:+0.04°
Group (2) 25.63%1.02° 3.10+0.26° 1.07+0.04°
Group (3) 20.02+1.47¢ 3.10+0.32° 0.85+0.02"
Group (4 33.52+1.77° 4.79+0.28 0.900.08"
Group (5) 54.74+1.94° 8.24+0.73" 1.71£0.11°
Group (6) 27.58+1.72° 2.83+0.23% 1.09+0.12°
Group (7) 40.64+1.71° 4.61+0.42% 0.79+0.08"
Group (8) 32.0+1.80% 3.50+0.22 1.16+0.06"
Group (9) 44.1243.12%" 5.46+0.41¢ 1.90+0.07°

Group (10) 29.38+1.61" 3.97+0.36° 1.04+0.06°

Group (11) 37.4622.15" 4.02+0.35¢ 0.88+0.06°

LSD 5% 2.720 0.947 0.240

Each value represents the mean of 5 rats (Mean + SD).The same letters in each column represent the insignificant difference at P<0.05. Group
(1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH,-AgNPs (1 mg); group (5): NaBHs-AgNPs (5 mg); group (6): PPE-AgNPs (1
mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group (11):
PPE/ST-AgNPs (5 mg).
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3.7.4. Lipid profile of the experimental animals

As shown in Table (11), the action of synthesized AgNPs on the levels of triglycerides, cholesterol, HDL-c, LDL-c and
vLDL-c addition to the risk ratio of cholesterol/HDL and LDL/HDL, was evaluated. The results revealed that a significant
decrease was observed in levels of triglycerides with the PPE (1 mg) administration but recorded a significant increase was
recoeded the administration of other treatments, as compared to the normal control group. The administration of PPE (1mg
and 5 mg) showed a significant decrease in the levels of cholesterol, but non-significant changes were observed with the
administered PEE/ST-AgNPs (1 mg) as compared to the normal control. The other treatments significantly increased the
cholesterol levels. Administration with PPE (1mg), PPE-AgNPs (1 mg) and ST-AgNPs (1 mg) were non-significantly changed the
level of HDL-c but administration of NaBH,-AgNPs (1 mg and 5 mg), PPE-AgNPs (5 mg) and ST-AgNPs (5 mg) significantly
decreased the level of HDL-c and the other treatments had a significant increase as compared to the normal control group.
Administration of PPE (1 mg and 5 mg) and PEE/ST-AgNPs (5 mg) significantly decreased the level of LDL-c but PEE/ST-AgNPs
(1 mg) recorded non-significant changes, and the other treatments showed a significant increase as compared to the normal
control. As illustrated, a significant decrease in the level of vLDL-c was evaluated when the animals were adminiditere with PPE
(5 mg), but PEE/ST-AgNPs (1 mg) revealed non-significant changes, and the other treatments significantly increased the vLDL-
c levels as compared to the normal control. Administration of PPE (5 mg) and PEE/ST-AgNPs (5 mg) significantly decreased the
risk ratio of cholesterol/HDL and LDL/HDL, but PPE (1 mg) and PEE/ST-AgNPs (1 mg) recorded non-significant changes, and
the other treatments showed a significant increase as compared to the normal control.

The alteration of the serum lipid parameters by treatment with PPE, NaBH,-AgNPs, PPE-AgNPs, ST-AgNPs, and PPE/ST-
AgNPs suggests that plant extract and its nanoparticle preparations exert differential effect on lipid metabolism as well as
cardiovascular risk factors. Low-dose PPE (1 mg) reduced triglycerides and cholesterol but not HDL-c and LDL-c, reflecting
a putative hypolipidemic activity as reported in findings of polyphenolic compounds with better lipid clearance and de novo
lipogenesis inhibition [62]. High-dose PPE (5 mg) also reduced LDL-c, vLDL-c, and risk ratios (cholesterol/HDL and
LDL/HDL), further reflecting its putative cardioprotective activity. On the other hand, NaBH,-AgNPs at both doses
significantly elevated cholesterol, triglycerides, LDL-c, and vLDL-c but reduced HDL-c, indicating widespread dyslipidemia
most probably induced by AgNP-triggered oxidative stress, hepatocellular damage, and dyslipidemia transport mechanisms
[67]. Both ST-AgNPs and PPE-AgNPs showed dose-dependent activities in which the 1 mg dose did not cause significant
lipid disturbances, but the 5 mg dose decreased HDL-c and atherogenic lipids and risk ratios, indicating nanoparticle-induced
metabolic toxicity. Surprisingly, 5 mg of PPE/ST-AgNPs mimicked the therapeutic lipid-lowering efficacy of PPE alone,
whereas 1 mg was less effective, which implies co-functionalization of nanoparticles could preserve partially the bioactivity
of PPE at the higher concentration. The findings are in agreement with the fact that the physicochemical properties of
nanoparticles including size, surface chemistry, and bio-distribution strongly influence their metabolic interactions and safety
profile [67]. Collectively, the evidence highlights that while PPE in itself is hypolipidemic, its nanoparticle formulations, in a
technique- and dose-dependent approach, could either suppress or enhance dyslipidemia, calling for detailed mechanistic
exploration to maximize their therapeutic index.

Table 11: Lipid profile of the experimental animals

Treatment Triglycerides Cholesterol HDL-c LDL-c vLDL-c Risk ratio Risk ratio
(mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (total cZ(;lfsteral) (

Group (1) 91.00+8.97 127.56£11.33%  41.34+2.69° 68.66+4.11 18.20£1.39 3.09 1.66
Group (2)  107.5246.20 117.86+11.38°  39.86+1.84° 56.40+4.00 21.50+2.24 2.96 1.41
Group (3) 75.69+6.99 105.08+10.29°  57.86+3.93° 31.80+3.00 15.41£1.38 1.82 0.55
Group (4)  116.40£10.95 147.52+11.08°  33.44+1.10° 91.80+8.00 23.28+£2.97 4.41 2.75
Group (5)  209.66+13.41  246.48+21.65° 22.90+1.93° 181.00+£16.00 41.93+3.71 10.76 7.90
Group (6) 116.86+9.70 149.72+£11.31°  39.68+3.17¢ 86.60+7.12 23.37+1.74 3.77 2.18
Group (7) 1322241257  149.00+14.12%  33.44+1.92° 89.60+8.10 26.4442.51 4.46 2.68
Group (8)  137.30£11.95 150.96£12.25°  41.24%2.97¢ 82.60+7.21 27.46+2.39 3.66 2.00
Group (9) 134.34+13.42  162.22+13.17°  34.9442.69° 100.20£10.00 26.87+2.86 4.64 2.87

Group (10)  103.86+9.67 131.47+11.97°  48.78+3.14° 62.20+6.12 20.77£2.93 2.70 1.28

Group (11)  125.70+11.90  138.47+12.388  56.00+4.83%  57.80£5.12  25.14+2.39 2.47 1.03

LSD 5% 3.400 6.241 5.378 2.700

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represents the insignificant difference at P<0.05.
Group (1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH4-AgNPs (1 mg); group (5): NaBH4-AgNPs (5 mg); group (6): PPE-
AgNPs (1 mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group
(11): PPE/ST-AgNPs (5 mg).

3.7.5. Complete Blood Capture(CBC) of the experimental animals

The total number of Wight blood cells (WBCs), red blood cells (RBCs), hemoglobin (Hb) content, hematocrit (Hct) percent
and the number of platelets (Plt) were illustrated in Table (12). The results showed that the total number of WBC values
significantly increased in the groups that was injected with NaBH,;-AgNPs (5 mg) and ST-AgNPs (1 mg and 5 mg), but in the
other groups, the total number of WBC values were significantly unchanged in comparison with the control group. The total
count of RBCs showed a significant increase in the group of animals that were treated with PPE (5 mg) and a significant
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decrease in the group of animal that were treated with NaBH,-AgNPs (5 mg) but did not change in the groups of animals that
were treated with other treatmentsin comparison with the control group.The number of Plt was significantly increased after
treatment of animals with PPE/ST-AgNPs (1 mg) and significantly decreased in the group that was treated with PPE (1 mg),
NaBH,-AgNPs (5 mg), ST-AgNPs (1 mg and 5 mg), but did not change significantly in the groups of animals that were treated
with other treatments in comparison with the control group.A significant decrease in Hb content was observed in the group
injected with NaBH,-AgNPs (5 mg), and in Hb content was significantly increased after injection with PPE (1 mg and 5 mg) and
PPE/ST-AgNPs (5 mg), but non-significant changes were observed in the other groups in comparison with the control group.
The Hct percent was significantly decreased and observed in the group treated with NaBH,-AgNPs (5 mg), and also was
significantly increased after administering PPE (1 mg and 5 mg) and PPE/ST-AgNPs (5 mg), but non-significant changes were
observed in the other groups in comparison with the control group.

These results showed variant alterations in blood picture and number of RBC parameters that might illustrate how AgNPs
affect hemoglobin synthesis as red blood cells mature during bone marrow formation [68]. WBCs play a crucial part in the
body's immune response; they are the first line of defense. Various kinds of neutrophils can signal an infection, an allergic
reaction, or a toxic reaction to medications or toxins. Hypoxia causes anemia. and the decrease in RBC count reveals that
there was more breakdown of RBC .This deficiency could be attributed to an inadequate supply of iron, cobalamin, or folic
acid, or it could be owing to chronic diseases or toxic substances that negatively affect the RBCs count produced by the bone
marrow. AgNPs administered orally and intraperitoneally have a toxic impact on RBCs [69].

AgNPs cause disturbances in the function of the immune system. Likely, the reduction of the circulating hormone
and erythropoietin—a glycoprotein that promotes erythropoiesis—caused a slight dip in RBCs and Hb [70]. Erythropoietin
deficiency (depletion in blood concentration of erythropoietin) can cause normochromic, normocytic anemia [71].
Hypochromic anemia is a generic term for any type of anemia, even though iron deficiency is by far the most prevalent cause.
Because Plt plays a crucial role in blood coagulation, an increase in Plt counts causes a thrombus to form inside blood arteries,
which accelerates the development of atherosclerosis brought by AgNP administration. AgNPs may cause cell toxicity by
attaching to sulfur and phosphorus-containing biomolecules, such as DNA or other biological components. The cytotoxicity of
AgNPs has been demonstrated in relation to the production of free radicals, which distorts cell membranes [72]. Furthermore,
AgNPs exhibit toxicological characteristics and cause inadequate metabolic activity [73]. The biokinetics of AgNPs
cytotoxicity effect is influenced by their chemical structure, shape, size, agglomeration, surface, and function [74]. As a result,
AgNPs have a toxic effect given that they directly interact with RBCs, eliciting oxidative stress, membrane damage, and
hemolysis. Nevertheless, taxological data affect RBCs in different ways, and the processes underlying these effects are still
poorly understood [75].

AgNPs cause lipid peroxidation and hemolysis due to membrane damage, along with a fair amount of antioxidant enzyme
synthesis. Also, hemolysis and membrane damage can be induced by small-sized AgNPs. As a result of the interaction
between erythrocytes and AgNPs, the size and concentration of AgNPs are predisposing factors that impact RBCs.In general,
AgNPs administration in rats caused decreases in the level of Hb, RBC and Hct but increases in the level of Plt and WBC. It
means that AgNPs have a harmful effect on blood animals. In the blood, Jeong et al. [76] showed that the silver from the
nanoparticles that are ingested orally can reach other organs through the bloodstream. These effects may be caused by
particles rather than ionized silver because comparable effects have not been previously documented for soluble silver.

Table 12: Complete Blood Capture (CBC) of the experimental animals

WBCs Hb RBCs Hct Plt
(x10°/L) (g/d) (x10'%/L) (%) (x10'/L)
Group (1)  4.85+0.32° 13.97+1.1° 5.544046° 39.1245.59 757476
Group (2)  5.55+0.42°¢ 13.27+12* 5.25+0.52° 4555+4.1"  788+72°
Group (3) 5.67+0.51° 15.82+0.8" 6.73+£0.65" 47.4243.5° 835481
Group (4) 5.22+0.50° 13.25+£1.4° 4.79+0.44° 3970£2.2  816£76"
Group (5) 13.95+0.20* 10.30+£1.0° 3.4440.34° 4090424  898+55¢
Group (6) 4.85+0.26° 14.10£1.3° 5.1240.50° 42.47+4.7° 861£75°
Group (7)  5.55+0.53° 14.02+1.6° 5.18+0.49° 41.85+4.3°  669+52°
Group (8)  7.75+0.40° 13.80+1.1° 4.87+0.38" 42.47+42° 727+61°
Group (9)  6.95+0.46° 14.50£1.3° 5.19+0.52° 42.5043.1° 735+72°
Group (10)  5.65£0.34° 14.10+1.3" 4.89+0.38" 41.40£3.5° 91686
Group (11)  4.82+030° 15.70£1.2° 4.94+045° 4447+42° 887+85°

Treatment

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference at P<0.05. Group
(1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH4-AgNPs (1 mg); group (5): NaBHs-AgNPs (5 mg); group (6): PPE-AgNPs (1
mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10): PPE/ST-AgNPs (1 mg) and group (11):
PPE/ST-AgNPs (5 mg).

3.7.6. Fasting blood glucose (FBG) level

The FBG level in Table (13) showed a significant decrease in the group of animals that were administered with PPE-AgNPs (5
mg)and did not show any significant changes in the groups of animals that were treated with PPE (1 mg) and PPE-AgNPs (1
mg), but significant changes dose with increasing were observed in the other groups when compared to the control
group.AgNPs have the potential to cause insulin sensitivity because they raise the concentration of calcium ions in the cytosol
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and phosphorylate AMPK via the CAMKKf pathway in rats and SH-SYSY cells. AMPK activation increases insulin
sensitivity and may mediate the action of insulin by enhancing its activity [77]. When insulin binds to its receptor, it initiates
the phosphorylation cascade from IRS1, which results in the transport of glucose into the cells. AgNPs raise the expression
levels of IRS1 and GLUT?2, which lowers blood glucose levels. Additionally, AgNPs increase the levels of insulin expression
and secretion [78].

Table 13: Blood glucose of the experimental animals

Treatment Blood glucose (mg/dl)
Group (1) 73.96+4.72"
Group (2) 71.48+5.66°
Group (3) 90.62:+4.15¢
Group (4) 87.82+4.31¢
Group (5) 186.46£10.79°
Group (6) 76.78+6.46
Group (7) 59.58+4.74"
Group (8) 83.6646.75°
Group (9) 107.24+4.79°
Group (10) 95.56+8.33°
Group (11) 103.17.62°

Each value represents the mean of 5 rats (Mean + SD). The same letters in each column represent the insignificant difference
at P<0.05. Group (1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH,-~AgNPs (1 mg); group (5): NaBH,-
AgNPs (5 mg); group (6): PPE-AgNPs (1 mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5
mg); group (10): PPE/ST-AgNPs (1 mg) and group (11): PPE/ST-AgNPs (5 mg).

3.8. Genotoxicity investigation of liver cell

AgNPs could significantly change the expression of the Bax and Bcl-2 genes, as shown in Table (14). The findings
demonstrated that cells exposed to PPE (5 mg) and NaBH,-AgNPs (1 mg) had an overexpression of the pro-apoptotic gene Bax
compared to the control. The expression of antiapoptotic gene Bcl-2 was remarkably down-regulated in NaBH4-AgNPs (1 mg and
5 mg), PPE-AgNPs (1 mg) and PPE/ST-AgNPs (1 mg and 5 mg), and up-regulated in PPE (1 mg and 5 mg), PPE-AgNPs (5 mg) and
ST-AgNPs (5 mg) compared with the control. A noticeable significant increase in CASP-3 activity was observed when the cells
were exposed to PPE (5 mg), NaBH,-AgNPs (1 mg), PPE-AgNPs (5 mg), ST-AgNPs (1 mg and 5 mg) and PPE/ST-AgNPs (5 mg)
compared to the control cells. The activity level was significantly lower in PPE (1 mg), NaBH,-AgNPs (5 mg), PPE-AgNPs (1
mg) and PPE/ST-AgNPs (1 mg) compared to the control. BAX is a pro-apoptotic protein that promotes cell death. Meanwhile,
BCL-2 is an anti-apoptotic protein that inhibits cell death.CASP-3 is a key executioner caspase involved in the apoptotic
process. So BAX, BCL-2 and CASP-3 are key players in apoptosis. AgNPs have a role in regulating apoptosis via interacting
with cells in various ways, including direct cellular uptake which AgNPs can be internalized by cells, leading to intracellular
interactions, or AgNPs have the ability to produce reactive oxygen species (ROS), which can destroy cellular components and
cause oxidative stress, also AgNPs can trigger inflammatory responses, which may contribute to cell death. The effect of
AgNPs on BAX, BCL-2, and CASP-3 can vary depending on several factors: (1) Different sizes and shapes of AgNPs can
exhibit varying toxicity and cellular interactions. (2) Higher concentrations of AgNPs may lead to more significant effects on
apoptosis. (3) The sensitivity of cells to AgNPs can vary depending on their type and physiological state. These results
showed that AgNPs can increase Bax expression, which can promote apoptosis by activating the intrinsic apoptotic pathway,
decrease BCL-2 expression, which can further promote apoptosis by reducing the inhibition of cell death and activate CASP-
3, which can initiate the execution phase of apoptosis, leading to cell, death .Changes in the expression of apoptotic-related
genes may have caused apoptosis. Therefore, the expression of the BAX and BCL-2 genes, which efficiently support the
apoptotic pathway, was investigated. Regarding the apoptotic effects of AgNPs, certain studies have demonstrated their
encouraging anticancer potential, which results in an up-regulation of Bax and a decrease in the expression of the Bcl-2 gene
[79, 80]. Overexpression of BAK and BAX, two members of the BCL-2 family, has been shown to sensitize cells to apoptosis
by causing the outer mitochondrial membrane to permeabilize, which releases proteins into the cytosol. Cell death is then
triggered by the activation of caspase enzymes [81]. Soni and Gandhi [82] illustrated that concern over the harmful effects of
silver nanoparticles (AgNPs) on living things and the environment has grown as their use expands. Human blood and
promyelocytic leukemic (HL-60) cells were used as an in vitro model to study the cytotoxicity and genotoxicity of AgNPs
made with the plant flavonoid Naringin as a reducing agent. The activation of caspase suggests that AgNPs can interact with
DNA and cause cell death. DNA fragmentation, a sign of apoptosis, was examined for further validation. AgNPs caused a
DNA laddering pattern as their concentration increased. This suggests that AgNPs have the ability to be genotoxic to cells.
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Table 14: BAX, CASP-3 and BCL-2 activities in liver tissue homogenate

BAX CASP-3 BCL-2
ng/g tissue ng/g tissue ng/g tissue
Group 1 953.52 327.76 50.40
Group 2 831.46 178.11 75.12
Group 3 2199.8 501.94 99.47
Group 4 1266.54 694.24 38.78
Group 5 441.67 155.39 35.53
Group 6 205.80 13.04 28.51
Group 7 973.37 539.59 66.43
Group 8 695.45 1141.44 52.14
Group 9 951.14 3908.22 91.48
Group 10 298.00 278.23 20.16
Group 11 626.09 462.45 26.69

Group (1): control; group (2): PPE (1 mg); group (3): PPE (5 mg); group (4): NaBH,-AgNPs (1 mg); group (5): NaBH,-AgNPs (5 mg);
group (6): PPE-AgNPs (1 mg); group (7): PPE-AgNPs (5 mg); group (8): ST-AgNPs (1 mg); group (9): ST-AgNPs (5 mg); group (10):
PPE/ST-AgNPs (1 mg) and group (11): PPE/ST-AgNPs (5 mg).

3.9. Histopathological examination

Following the necessary treatment, the testes, liver, and kidneys were removed from each group for histological examination.
Overall, the histological analysis demonstrated that high dosages of AgNPs more fully repaired the necrotic and injured
tissues.

3.9.1. Histopathological examination of Liver samples

The portal vein and portal triad are shown in liver slices in all groups stained with H&E at 400X magnification (Figure 10).
Group (1) displayed a normal liver structure, with sinusoids separating the hepatic cords that radiate from the major vein.
Group (2) showed mild vacuolar degeneration of hepatic cells with mild activation of kupffer cells. Group (3) showed
distortion and disorganization of the hepatocytes, mild dilatation of hepatic sinusoids with mild activation of kupffer cells and
fibroblast infiltration was noticed (arrow). Group (4) showed dilatation, congestion of the portal blood vessels, and edema of
the portal triad which was tinged with mononuclear inflammatory cell infiltration in addition to newly formed bile ductules
(arrow). Group (5) showed congestion of the portal blood vessels associated with mononuclear severe inflammatory cell
infiltration and newly formed bile ductules, individual alteration of hepatocytes, some hepatic cells appeared necrotic with
karyolysis of the nuclei, others revealed mild pleomorphic nuclei. Group (6) showed mild dilatation of hepatic sinusoids with
mild mononuclear inflammatory cells infiltration in addition to hepatic cells disarrangement and distortion, also sporadic
hepatocellular necrosis was present. Group (7) showed mild dilatation of hepatic sinusoids with mild mononuclear
inflammatory cells infiltration in addition to distortion and disorganization with individualization of the hepatocytes, mild
pleomorphic nuclei, and individual alteration of hepatocytes. Group (8) showed mild dilatation of hepatic sinusoids with mild
mononuclear inflammatory cell infiltration in addition to hepatic cell disarrangement and sporadic hepatic cell necrosis. Group
(9) showed dilatation and congestion of hepatic blood vessels with severe sinusoidal leukocytosis (appearance of mononuclear
cells in the dilated hepatic sinusoids), distortion and disorganization of the hepatocytes in addition to mild pleomorphic nuclei.
Group (10) showed dilatation of hepatic blood vessels, mild activation of kupffer cells, in addition to hepatocellular
coagulative necrosis, some hepatic cells showing vacuolation in nuclei (arrow). Group (11) showed mild dilatation and
congestion of the hepatic sinusoids with mononuclear inflammatory cell infiltration (arrow), some hepatic cells appeared
necrotic in addition to distortion and disorganization of the hepatocytes with mild pleomorphism.
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Figure 10: Histological examination liver from rat groups.
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3.9.2. Histopathological examination of kidney samples

Kidney slices stained with H&E from each group were examined, with particular attention paid to the arrangement and border
of the glomerulus and renal tubules at 400X magnification (Figure 11). Group (1) showed normal glomerular and renal
tubular. In group (2) ,some renal tubules in the medulla showed mild vacuolar degeneration of the epithelium lining with the
renal cast formation in their lumen. In group (3), some renal tubules revealed mild cystic dilatation (arrow) others showed
coagulative necrosis with pyknotic nuclei. Group (4) showed subcapsular hemorrhage (arrow), and necrobiotic changes of
epithelium lining renal tubules. Group (5) showed perivascular edema (star), necrobiotic severe changes in the epithelium
lining renal tubules, atrophy and shrinkage of some glomeruli were detected (arrow), and some others illustrating hypertrophy
of glomerular tuft capillary with the absence of glomerular Bowman,s. Group (6) showed mild perivascular edema, interstitial
edema (star) ,necrobiotic changes in epithelium lining renal tubules, in addition to some renal glomeruli illustrating
hypertrophy of glomerular tuft capillaries with the absence of glomerular Bowman,s space (arrow). Group (7) showed mild
perivascular edema (star), and coagulative necrosis of the epithelium lining renal tubules with pyknotic nuclei. Group (8)
showed perivascular edema (star), mild coagulative necrosis of epithelium lining renal tubules with pyknotic nuclei and renal
cast formation in their lumen (blue arrow). Group (9) showed perivascular edema (star), some renal tubules revealed
necrobiotic changes of the epithelium lining with the renal cast formation in their lumen, others showing cystic dilatation
(yellow arrow) in addition to hypercellularity of glomerular tuft capillaries with absence of Bowman,s space (blue arrow).
Group (10) showed mild necrobiotic changes of the epithelium lining renal tubules and some glomeruli showing hypertrophy
of glomerular tuft capillaries with narrowing of Bowman,s space (blue arrow). In group (11), the renal medulla showed
vacuolar degeneration in the epithelium lining renal tubules with renal cast formation in their lumen (arrow).

Figure 11: Histological examination of the kidney from rat groups.

3.9.3. Histopathological examination of testes samples

In order to compare the morphology of each group, tests from each group were H&E stained, and histological analysis was
performed at different magnifications. Seminiferous tubules and normal spermatogenic cells were focused on 400X in all
groups (Figure 12). Group (1) showed normal histological structure of seminiferous tubules with normal spermatogenic cells.
In group (2), some seminiferous tubules showed necrobiotic changes with marked depletion in germ cells. Group (3) revealed
irregular contouring Of seminiferous tubules (arrow) and interstitial edema (star). In group (4), simple cystic transformation of
rete testis lining by squamous epithelium cells showed depletion and vacuolation. Group (5) showed interstitial edema (star),
irregular contouring of the basal lamina of seminiferous tubules, severe necrobiotic changes and loss of normal orientation of
the germ cells (arrow). In group (6), some seminiferous tubules revealed degeneration and necrosis of spermatogenic cells
with vacuolation of Sertoli cells. In group (7), some seminiferous tubules showed sloughing of spermatogenic cells in the
lumen (red arrow), necrobiotic changes and loss of normal orientation of the germ cells in addition to the appearance of
vacuoles in the spermatogenic epithelium in some seminiferous tubules (arrow). Group (8) showed a reduction in the number
of germ cells with the appearance of large spaces or vacuoles in the spermatogenic epithelium (arrow). Group (9) showed
interstitial edema (star), irregular contouring of basal lamina of seminiferous tubules, and necrobiotic changes of the germ
cells. In group (10), some seminiferous tubules showed normal structure others revealed necrobiotic changes with depletion
and loss of the normal orientation of the germ cells. Group (11) showed mild necrobiotic changes and loss of the normal
orientation of the germ cells in addition to vacuoles in the spermatogenic epithelium in some seminiferous tubules (arrow).
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Figure 12: Histological examination of testes from rat groups.

Histopathological analysis showed dose- and formulation-dependent testis, kidney, and liver alterations following exposure to
the plant extract, silver nanoparticles (AgNPs), and their combination formula. The control group alone had ordered hepatic
cords and sinusoids architecture, and rats exposed to PPE had mild vacuolar degeneration with Kupffer cell activation (Figure
10). NaBH4-AgNPs and some PPE/ST-AgNP groups induced more serious lesions like sinusoidal dilatation, mononuclear
inflammatory infiltration, recruitment of fibroblasts, portal congestion, bile duct proliferation, scattered to coagulative
hepatocellular necrosis, suggestive of progressive hepatocellular damage characteristic of AgNP-induced oxidative stress and
inflammation [62,67]. Kidney sections (Figure 11) also showed parallel changes, ranging from faint vacuolation of the tubules
and formation of renal casts in low-dose PPE groups to massive necrobiotic alteration, glomerular atrophy or hypertrophy,
perivascular/interstitial edema, and disappearance of Bowman's space in NaBH,-AgNPs and high-dose mixed-nanoparticle
groups. These are suggestive of nanoparticle-induced perturbation of glomerular filtration and tubule integrity, already
reported in metal nanoparticle nephrotoxicity studies [62]. Histology of testes (Figure 12) was such that control animals had
normal seminiferous tubule structure and organization of spermatogenic cells, but the groups given nanoparticles showed
germ cell depletion, Sertoli cell vacuolation, interstitial edema, deformed basal lamina outlines, and necrobiotic changes
disrupting spermatogenesis. These degradative inclinations are consistent with emerging evidence that AgNPs induce
reproductive tissue structural damage by oxidative stress, mitochondrial damage, and integrity loss of the blood—testis barrier
[83].

3.10. Relevance and translational limitations of the clinical and selected doses

Species dose translation is complex due to differences in metabolic rate, body surface area, and nanoparticle biodistribution.
While conventional interspecies scaling models (e.g., body surface area scaling) might yield approximate values of human-
equivalent doses [84], these are far from being representative of the unique pharmacokinetic and toxicokinetic characteristics
of nanoparticles, including agglomeration tendency, organ-specific deposition, and pathways of clearance. The doses, hence,
for use in experiments need to be deemed exploratory but not clinically predictive. Moreover, comparison to clinically
approved antimicrobial doses and toxicological reference points was not made in this study, which limits conclusions
regarding human safety margins. Future studies need to include standardized methods of dose conversion, physiologically
based pharmacokinetic (PBPK) modeling, and direct comparison to approved drug dosing in order to enhance the translational
relevance of nanoparticle studies.

A limitation of one of the primary aspects of this work is the fact that a direct comparison was not made of the synthesized
silver nanoparticles' (AgNPs) biological activity and safety profile with their counterparts of clinically approved antimicrobial
agents or standardized toxicological references. Although our in vivo studies are revealing as to the potential efficacy and
safety of green- and chemically synthesized AgNPs, the doses investigated were not directly comparable with those of human
therapeutic exposure conditions. As a result, the clinical translation of the results is still restricted. Future studies must involve
reference drugs, standardized toxicological endpoints, and dose-conversion procedures for improved evaluation of the clinical
potential as well as the safety margins of the nanoparticles.
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Conclusion

The main objective of this study was the formulation of AgNPs using the green approach, which has bio-friendly features as a
hepatic-renal protection agent and may be safer and more biocompatible than synthetic medications. Pomegranate peel
extract, which is rich in bioactive compounds, was utilized as a capping agent to stabilize the NPs after it was exploited as a
reducing agent to produce nanoparticles. The biosynthesized AgNPs were characterized using UV-VIS, DLS, TEM and FTIR.
Smaller-sized nanoparticles show better antioxidant activity. These results suggested that biosynthesized AgNPs have the
ability to selectively repair the cellular morphology of the kidneys, liver and testes. However, more investigation is required to
validate these results. Additional in vivo pharmaceutical investigation is required to clarify the manner in which AgNPs
perform their mode of action by focusing on different genes. Likewise, different medications might be functionalized with
these AgNPs to enable prolonged release of the drug at the body's site of action. Also, the mechanisms behind AgNPs' impacts
on apoptosis require further investigation in order to create safe and efficient approaches to using them in a variety of
applications.
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