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Abstract: Medicinal plants that contain antioxidants such as flavonoids and phenolic compounds have
gained much attention in the medical field. Calotropis gigantea is one of the most important plants rich
in these compounds. In this study, silver nanoparticles were prepared with antioxidants obtained from
C. gigantea (CgAgNPs) leaf extract and investigated for their improvement potential against reactive
oxygen species (ROS), cytotoxicity, and genotoxicity, including the antioxidant activity of CgJAgNPs.
The study was conducted on 18 groups of SWR/J mice, each group consisting of six mice selected
randomly. The control group was administered 1 mg/kg body weight (bw) of distilled water and positive
control group was given only one dose of silver nanoparticles (AgNPs) below LD50 value of 50 mg/kg
bw, followed by three doses of CgAgNPs (100, 150, and 200 mg/kg bw) at 24 h, 48 h, and 72 h,
respectively. The results showed a significant increase in ROS levels in the positive control group,
owing to AgNPs' ability to induce oxidative stress; chromosomal aberrations and increased micronuclei
incidence were also observed. Also, the effects of CgAgNPs were confirmed by reduced genotoxicity,
lower oxidative stress levels, and decreased ROS, chromosome aberrations, and micronuclei. In
conclusion, these results demonstrate that CgAgNPs exert significant protective effects against AgNPs-
induced toxicity in experimental mice through their antioxidant activity.

Keywords: antioxidant; silver nanoparticles; synthesis; reactive oxygen species; genotoxicity;
Calotropis gigantea.
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1. Introduction

Recently, advancements in nanotechnology have attracted significant attention to
nanomaterials (NMs) owing to their higher surface area-to-volume ratios compared to bulk
materials, with sizes in the nanometer range (1-100 nm), resulting in significant increases in
catalytic and biological activity [1]. Nanostructures, including zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) configurations, have
attracted particular attention owing to their unique properties and potential for innovative
applications [2-5].
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The synthesis of silver nanoparticles (AgNPs) using plant extracts has drawn increasing
interest among researchers due to their eco-friendly, non-pathogenic, and cost-effective nature.
Silver ions interact with plant-derived compounds such as amino acids, proteins, enzymes,
alkaloids, polysaccharides, phenolics, tannins, terpenoids, vitamins, and saponins, which not
only facilitate reduction and stabilization but also impart medicinal properties [6-8].

Calotropis gigantea is a species from the genus Calotropis, a shrub that grows up to 4
m tall and bears white or lavender flowers. Due to the potent biological activity of calotropin,
C. gigantea is a widely used medicinal plant in traditional systems of medicine across countries
like Saudi Arabia and Yemen [9]. It is known for its protective effects against reactive oxygen
species (ROS) and is used to treat a variety of conditions, including skin, digestive, respiratory,
circulatory, and neurological disorders, as well as elephantiasis, fever, nausea, vomiting, and
diarrhea [10,11]. Additionally, chloroform extracts from its leaves exhibit considerable
antidiabetic activity [12].

While the traditional uses of C. gigantea are well documented, there is a clear need for
in vivo studies to evaluate its safety and therapeutic potential [13]. Several studies have reported
its cytotoxic activity against colon (HCT-116), lung (A549), and liver (HepG2) cancer cell
lines [14,15], emphasizing the importance of further pharmacological exploration. The leaves,
roots, and flowers of C. gigantea have also been utilized to synthesize AgNPs, which have
shown promising results in anticancer, antibacterial, antioxidant, antifungal, antiviral, and
antidiabetic applications [16-18].

Although the green synthesis of AgNPs using C. gigantea has been established [19-
21], limited data are available comparing their safety profile with that of chemically
synthesized AgNPs. Chemically synthesized AgNPs have been associated with adverse
biological effects, including cytotoxicity, oxidative stress, and genotoxicity, which are
influenced by their size, shape, concentration, and surface chemistry [22—-24]. Recent studies
have demonstrated that green-synthesized AgNPs, particularly those mediated by plant
extracts, tend to exhibit reduced toxicity due to natural capping agents that modulate their
interactions with biological systems [25-27]. However, these comparative findings remain
scarce, especially in vivo.

The toxic effects of AgNPs in rats have included cytotoxic and genotoxic impacts on
kidney and liver cells, increased chromosome breaks, and polyploidy [22]. These effects can
persist due to the long biological half-life of AgNPs [24]. Other in vitro studies report AgQNP
toxicity in neutrophils [25-27], macrophages [28], Sertoli and granulosa cells [29], and even
in Drosophila [30].

In aquatic models, green-synthesized AgNPs induced fewer alterations in
hematological and hepatic biomarker profiles in Hypophthalmichthys molitrix than chemically
synthesized AgNPs [31]. Similar assessments in juvenile clams (Mercenaria mercenaria)
revealed lower toxicity of biologically synthesized AgNPs than chemically prepared ones,
when normalized to equivalent total silver concentrations [32].

Thus, to achieve safe use of AgNPs as a medical treatment in humans, the present study
was designed to explore the synthesis of CgAgNPs using C. gigantea plant extracts and to
explore their potential improvement action against oxidative stress, cytotoxicity, and
genotoxicity induced by AgNPs. Moreover, the safety and toxicity of C. gigantea extracts were
studied in an experimental animal model (laboratory mice), thereby contributing to the growing
field of green nanotechnology and its biomedical applications.
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2. Materials and Methods

2.1. Collection of plant materials and extraction.

Leaves of C. gigantea were collected from its natural habitat in some regions of Yemen,
and the plant was identified by consulting the documentation on the flora of Yemen. The
herbarium specimens obtained were housed at TUH (Thamar University, Agriculture
Department, Faculty of Agriculture and Veterinary, Thamar, Yemen). The collected leaves
were rinsed thoroughly with tap water, cut into small pieces, oven-dried at 50°C, and finally
ground into a powder. The methanol leaves extract of C. gigantea, and powder were prepared
[33-35], and combined with silver nanoparticles (AgNPs) as described in a previous study [36].

2.2. The chemical composition.

The chemical composition of the methanol leaves extract using GC-MS/MS analysis.
According to the method reported by Stankov-Jovanovic et al. [37]. Briefly, the analysis was
carried out using a GC (Agilent Technologies 7890A) interfaced with a mass-selective detector
(MSD, Agilent 7000 Triple Quad) equipped with Agilent HP-5ms (5%-phenyl methyl poly
siloxane) capillary column (30 m x 0.25 mm i.d. and 0.25 um film thickness).

2.3. Total phenolics and Total flavonoids.

Also, the total phenolic and total flavonoid contents of the methanol leaf extract of C.
gigantea were determined using methods [33, 34]. The absorbance was determined at 765 nm
and 415 nm, respectively. Total phenolic compounds were expressed as equivalents of gallic
acid per gram of dry extract weight (mgGAE/gextract). Total flavonoid contents were
expressed as quercetin equivalent/g of sample (mgQE/qg) [33, 38].

2.4. Antioxidant activity.

The methanol DPPH radical scavenging activity was described using a method [33].
Standard ascorbic acid solution (1mg/ml) and test sample solutions (1mg/ml) of methanol
leaves extract of C. gigantea [33]. 1ml of 0.3mM DPPH solution was added to 2ml of each at
concentrations of 10, 15, 25, 50, 75, and 100 of ascorbic acid, methanol leaves extract of C.
gigantea, and CgAgNPs. Then, the incubated at dark for 30 minutes at room temperature after
it was vigorously shaken. Absorbance was measured at 517 nm, with methanol as the blank,
using UV-Visible spectroscopy. The percentage of inhibition and the I1Cso value were
calculated by [33, 11].

2.5. AgNPs.

Silver nanoparticles of size <100 nm and approximately 99.5% trace metals basis were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.6. Characterization.

Changes in color were recorded by periodic sampling and scanning using UV-visible
spectrophotometry (BioTek, Winooski, VT, USA) over wavelengths ranging from 300 to 700
nm for up to 150 minutes. Transmission electron microscopy (TEM) was performed using a
JEM 1101 transmission electron microscope (JEOL, Tokyo, Japan) to confirm the shape and
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size of the AgNPs. The samples were dispersed in ethanol on a carbon-coated copper (TEM)
grid. The images were obtained at an accelerating voltage of 120 kV. The crystalline structures
of the synthesized CgAgNPs were investigated by X-ray diffraction (XRD). Lyophilized and
powdered samples were used, and the diffraction patterns were recorded in the scanning mode
using an X’pert Pro X-ray diffractometer (PANalytical, Almelo, The Netherlands) operating at
40 kV, 30 mA, and Cu-Ka radiation (o = 1.5418 A) in the range of 20-80° in 20 angles. XRD
was also used to verify the crystal structure of the synthesized AgNPs.

2.7. Animals, treatments, and experimental design.

In vivo experiments were conducted using inbred SWR/J mice of either sex, ranging
from 10 to 12 weeks old and weighing approximately 28-30 mg. Mice were obtained from the
experimental mice facility of the Department of Agriculture, Faculty of Agriculture and
Veterinary, Thamar University. The experiments were conducted per the guidelines of the
Animal Ethics Committee at Thamar University (Ethics References No. SE-19-127). Mice
were acclimatized for 1 week before starting the experiments in an environmentally controlled
room maintained at a temperature of 23 + 2°C, relative humidity of 44 + 6%, and a dark/light
cycle of 11/15 h. Rodent chow (commercially available in Yemen) and water were offered ad
libitum.

A short-term acute toxicity test was conducted in mice to determine the LD50 dose of
AgNPs, CgAgNPs, and C. gigantea extract. The LDsp value (100, 240, and 350 mg/kg BW)
was found, respectively. The experiment was carried out on 18 groups of SWR/J mice, each
group consisting of six mice selected randomly. The control group was given 1 mg/kg body
weight (bw) of distilled water via gavage for 24, 48, and 72 h. One dose of AgNPs (50 mg/kg
bw) below the LDsg value was administered to the positive control groups at 24, 48, and 72 h
to establish their oxidative stress, genotoxicity, and cytotoxicity in mice. Subsequently, mice
were treated with three safe doses of CgAgNPs (100, 150, and 200 mg/kg bw) for 24, 48, and
72 h, respectively. Finally, one dose of C. gigantea extract (300 mg/kg bw) below the LDso
value was administered in the negative control groups for three different durations (24, 48, and
72 h).

2.8. ROS.

After completing the trial period, the mice were sacrificed by administering a lethal
dose of chloroform. The mice were then dissected, and 100 mg of liver was weighed and
thoroughly washed in 1 mL 70% saline solution three times. The liver sample was cut into fine
pieces and then ground in a ceramic container. The crushed sample was washed with 500 pl of
1xPBS and centrifuged at 7500xg for 10 min to aid cell retention. This step was repeated 2-3
times. In the last wash, the clarifier was discarded, and 100 pL of fresh 1xPBS was added with
10 pL of H2DCFDA dye (Image-iT™ LIVE Green Reactive Oxygen Species Detection Kit,
Molecular Probes, USA), followed by incubation in a water bath for 35 min. Next, we
centrifuged the sample at 7500x%g for 10 min, discarded the dye, and added 400 pL of fresh 1x
PBS. Finally, 20 pL of the stained cells were examined under a fluorescence microscope
(Olympus® BX41, Olympus, Tokyo, Japan) at a magnification of 400x. For quantitative
analysis, 400 pL of the cell suspension was transferred to a 96-well plate (100 pL/well).
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ROS intensity was measured with a microplate reader at 485 nm excitation and 528 nm
emission. Fluorescence readings were averaged across multiple wells and presented as a
percentage relative to the control group.

2.9. Chromosome aberrations.

After completing the time periods for each dose per the experiment design, the mice
were injected with 0.5 mL of 0.05% colchicine. The mice were sacrificed 90 min later, with an
overdose of chloroform. Their bone marrow cells were collected from the femur bones by
flushing with 0.075% normal saline. Subsequent slide preparation and analysis of the
chromosomes followed the procedures described by [30]. The mitotic index (MI) for each
treatment was determined, and numerical aberrations were analyzed under an Olympus® BX41
microscope using the 100x oil immersion objective lens [39].

2.10. Micronucleus (MN) test.

Subsequent slide preparation and analysis of the chromosomes followed the procedures
described by [39]. All experiments were performed in triplicate to ensure the reproducibility of
data. The data were presented as mean + standard error (SE). Depending on the experiment, a
two-tailed Student’s least significant difference or two-way analysis of variance was applied
to determine the significance of the data (depending on the experiment), and results with P
values < 0.05 were considered statistically significant. Statistical analyses were performed
using SPSS Statistics software (SPSS Inc., Chicago, IL, USA).

2.11. TUNEL assay (apoptosis).

Liver tissue sections obtained from treated and control mice were used for DNA
fragmentation detection by using a TUNEL assay kit (TUNEL Universal apoptosis detection
kit-FITC labeled, Gene Script, USA). Subsequent slide preparation and analysis of the
apoptosis followed the procedures described by [39].

2.12. Statistical analysis.

All experiments were performed in triplicate to ensure the reproducibility of data. The
data were presented as mean + standard error (SE). A two-tailed Student’s LSD or two-way
ANOVA was applied to determine the significance of the data (depending on the experiment),
and results with P values < 0.05 were considered statistically significant. Analyses of statistics
were performed by the SPSS statistical analysis system (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Extract and the chemical composition.

The different phytol-components present in the methanol leaves extract of the C.
gigantea were identified using GC-MS as summarized in Figure 1A. The leaves extract of the
C. gigantea contained trans-tetrahydrofuran-3,4-diol (0.22); glycerin (0.35); a-L-
galactopyranoside, methyl-6-deoxy (11.28); 2-p-nitrobenzoyll,3,5-tribenzyl-a-D-ribose
(1.57); 1,3-butadiene-1-carboxylic acid (4.04); 7-Hydroxyfarnesen (4.42); 5,7,3',4'5'-
Pentamethoxyflavone (3.42); 6,4'-Dimethoxy-7-hydroxyisoflavone (2.11); ethanedioic acid,
bis(trimethylsilyl) (7.01); cyclopentane undecanoic acid, methyl (3.15); 3-nitropropanoic
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acid(2.23); butoxyacetic acid (31.11); 4',6-Dimethoxyisoflavone-7-O-B-D-glucopyranoside
(3.23); 7-nonenoic acid, methyl (5.63); 3-decenl-ol, (E) (19.11); 3,5-dimethyl-5-hexen-3-
ol(1.12) [33, 34].
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Figure 1. (A) Total compound contents of the methanolic leaves extract of C. gigantea by GC-MS analysis; (B)
Total phenolic and flavonoid contents of the methanol extract of C. gigantea. The absorbance was determined at
765 nm and 415 nm, respectively.

3.2. Total phenolics and total flavonoids.

The total phenolic and flavonoid contents of C. gigantea leaf extracts are summarized
in Figure 1 B. The results indicate that the methanolic extract of C. gigantea leaves exhibited
a higher total phenolic content of 76.43 + 2.54 mg GAE/g of extract, while the total flavonoid
content was 54.32 + 2.41 mg QE/g, which was comparatively lower than the phenolic content.
Phenolic and flavonoid compounds in methanolic extracts of C. gigantea leaves are important
dietary components known to possess antioxidant activity in biological systems by scavenging
reactive free radicals [37]. Flavonoids represent the largest class of phenolic compounds,
constituting more than half of all naturally occurring phenolics [34, 37]. Biochemical screening
tests confirmed the presence of glycoside-linked tannins and flavonoids in the plant extracts,
further supporting that the observed bioactivities in this study are largely attributed to phenolic
and flavonoid compounds [33, 34, 37].

3.3. Antioxidant activity.

The antioxidant activity of methanol leaves extract (C. gigantea) and CgAgNPs was
evaluated by using commonly employed DPPH radical scavenging assays (2,2-diphenyl-1-
picrylhydrazyl). Radical scavenging effect of the plant on DPPH radicals was expressed as %
inhibition (percentage inhibition) and compared with that of ascorbic acid, as shown in Figure
2. As per the 1Cso values, the antioxidant activity of the methanol leaves extract (C. gigantea),
CgAgNPs, and ascorbic acid was observed (48.97+£1.46, 17.98+1.23, and 31.21+1.03 pg/ml),
respectively. The plant extract contains various primary and secondary metabolites like
carbohydrates, phenolic compounds, tannins, flavonoids, saponins, terpenoids, and steroids.
Therefore, these bioactive ingredients have the capability to discolor the DPPH solution [33,
34]. In the hydrogen peroxide assay, hydroxyl radicals are generated and may lead to
cytotoxicity [33]. Thus, any component can scavenge hydrogen peroxide and may protect the
living being [34, 35]. Such activities are reliant on the concentration of the extracts. It is
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concluded that the antioxidant property of the plant may be due to the polyphenolic components
[35].
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Figure 2. DPPH free radical scavenging assay of C. gigantea, CJAgNPs, and ascorbic acid. % inhibition:
percentage inhibition. As per the 1Cs values, the antioxidant activity of C. gigantea, CgAgNPs, and ascorbic
acid.

3.4. Synthesis and characterization.

C.gigantea plant leaves were successfully used in the synthesis of AgNPs. Upon
completion of mixing the aqueous methanol leaves extract and silver nitrate solution (AgNO3),
the color changed from pale yellow to brown (Figure 3A) for 150 minutes, which indicates that
C. gigantea extract accelerates CJAgNPs synthesis. These effects were examined using UV-
visible spectroscopy of CgAgNPs, which showed an absorption peak at 406.00 nm (Figure 3B).
Strong resonance centered at 406-450 nm wavelength was clearly observed with increasing
intensity over time; this may arise because of the interaction of silver ions with the components
of C. gigantea plant, such as cardiac glycosides, amides [18], antioxidants such as phenolics,
flavonoids, lipid peroxides, calcium oxalate, and fatty acids [33]. During CgAgNPs synthesis,
the color change from yellowish to brown (approximately 150 minutes) proved that C. gigantea
extract accelerates the CgAgNPs synthesis process. The acceleration of the synthesis process
may be due to strong surface vibrations of a longitudinal plasmon in the AgNPs solution during
the reaction process. This explanation aligns with many previous studies that suggest that a
surface-vibration process of a plasmon accelerates the synthesis of silver nanoparticles [20,
36]. Moreover, it is known that the color change was due to the excitation of surface plasmon
vibrations with the AgNPs [40, 41].
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Figure 3. (A) Completion of mixing of the aqueous plant extract and silver nitrate solution was indicated by a
color change from yellowish to brown; (B) UV-visible spectrum for CgAgNPs showing absorption at
wavelength 406 nm.
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TEM was used to examine the size and morphology of the synthesized CgAgNPs. The
CgAgNPs were spherical with a diameter of 5 to 35 nm (Figure 4A-4D). The morphology of
silver nanoparticles in ethanol was observed using TEM (JEOL, Tokyo, Japan). The silver
nanoparticles were dispersed in ethanol on a carbon-coated copper TEM grid, and images were
acquired. Particle size distribution in ethanol of AgNPs was found to be 10-100 nm (Figure
4B). The XRD pattern was diffraction peaks at (100), (111), (101), (200), (110), (200), (220),
and (202), which corresponded to 28°, 32°, 40°, 43°, 48°, 59°, 70°, and 85°, respectively
(Figure 4C). AgNPs derived from plant leaf extracts play an important role in improving the
biological compatibility of natural products for the treatment of many diseases. The absorbance
spectra of AgNPs synthesized with C. gigantea will provide clear insights into the surface and
size changes of CgAgNPs, and the peak intensity will correlate with the colloidal silver
concentration and size disparity. Phytochemical composition of C. gigantea leaves is
determined by the presence of minerals, amino acids, thiamine, nicotinic acid, and riboflavin
[20]. The amino acids present in plant leaf extracts play an important role in the synthesis of
AgNPs; this has been confirmed by UV-visible, XRD, and TEM analyses [36].

TEM was used to examine the morphology and size of the biosynthesized CgAgNPs.
The results revealed that CQAgNPs were spherical with a diameter ranging from 5 to 35 nm,
as shown in Figure 2D. UV-vis spectrum for CJAgNPs showed absorption at a wavelength of
406.00 nm. Changes in permeability may be due to the interaction of nanoparticles with plant
compounds [36]. Nanoparticle surfaces adsorb amine, the main agent responsible for reducing
silver ions. Furthermore, spherical nanoparticles with minimal agglomeration result from the
presence of phytochemical-stabilizing agents in the plant [20].
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Figure 4. (A) Representative transmission electron microscopy image of CgAgNPs; (D) the figure revealed
mostly spherical particles in the size range of 5-30 nm; (B) AgNPs in a size range of 10-100 nm. Several fields
were photographed and used to determine the diameter of the NPs. The images were obtained at an accelerating

voltage of 120 kV; (C) XRD pattern of synthesized CgAgNPs exhibiting the facets of crystalline silver.
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3.5. Effect of ROS on liver cells.

Continuous alterations in ROS function can lead to the development of malignancies.
Therefore, to investigate the role of AgNPs and CgAgNPs in inducing oxidative stress in liver
cells, ROS levels were measured using carboxy-H.DCFDA staining and analyzed through
spectrofluorometry and fluorescence microscopy. The fluorescent images illustrating ROS
generation in liver cells are shown in Figure 5A-D. A quantitative assessment of the significant
increase in ROS generation compared with the control groups is summarized in Figure 5E.
Following treatment with AgNPs, ROS levels significantly increased in a time- and
concentration-dependent manner compared with the CgAgNPs, control, and C. gigantea
extract groups, which exhibited only minimal fluorescence. In the quantitative fluorescence
analysis, the control value was normalized to 100%. A significant (p < 0.05) elevation in ROS
levels was observed in the AgNPs-positive control group compared with the CgAgNPs and
control groups. The maximum increase in ROS generation was 84% with AgNPs (50 mg/kg
bw) after 24 h, whereas only an 11% increase was observed with CgAgNPs (100 mg/kg bw)
after 24 h. No significant differences were detected between the C. gigantea extract group and
the control group. The ability of various nanoparticles with different chemical structures to
generate ROS, which is closely associated with their cytotoxic effects, has been well-
documented in previous studies [33, 34]. The amount of ROS produced by AgNPs is correlated
with their shape, size, surface chemistry, and surface area [22], resulting in varying potentials
for ROS generation [37].
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ROS (% of control)
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control 300 mg/kg 50 mg/kg 100 mg/kg | 150 mg/kg | 200 mg/kg

Pos-control

AgNPs

C.gigantea Cg.AgNPs

Concentrations mg/kg bw

Figure 5. Representative images of liver cells of mice treated for 24 hours, stained with DCF-DA, showing
effects of AgNPs, CgAgNPs, and C. gigantea on the generation of reactive oxygen species (ROS). (A) Control;
(B) AgNPs (50 mg/kg body weight [bw] of positive control); (C) C. gigantea (300 mg/kg bw); (D) CgAgNPs
(200 mg/kg bw). Magnification 40x%; (E) Increase or decrease of ROS level is shown in percentage relative to
the control, which is set at 100%. * Significant (p < 0.05).
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ROS has multiple functions in cell biology and biochemistry. Therefore, increased ROS
generation may be an important factor in inducing processes that contribute to the cytotoxicity
and genotoxicity of NP metals, including cellular signal modification, participation in cell
death, mutagenesis, proliferation, differentiation, and many disease- and inflammation-related
factors [41]. A previous study has expounded the ability of the reactive surfaces of NPs to
produce ROS [42]. Despite the presence of surface-dependent chemical compounds and metals,
the surface properties of NPs promote rapid ROS generation [39].

The level of ROS processed by CgAgNPs in liver cells of mice was reduced following
treatment with C. gigantea extract because plants produce a high amount of nonenzymatic
antioxidants capable of reducing the oxidative spoilage induced by ROS generation, such as
amides, phenolics, flavonoids, lipid peroxides [33], cardiac glycosides, and amino acids [34,
36]. These results were similar to those of previous studies that highlighted the potential role
of medicinal plants in curbing ROS generation [42, 43]. The balance between oxidation and
reduction is important to maintain a healthy biological system [44]. Oxidative stress results
from an imbalance between excessive ROS and/or reactive nitrogen species formation and
limited internal defense systems [15]. This imbalance can alter fat, DNA, and proteins, leading
to many diseases in humans [39]. In addition, our results showed that the extract of C. gigantea
leaves possesses antioxidant activity, owing to flavonoids and phenolics that protect cells,
similar to previous studies [33].

The observed dose-dependent increases in ROS generation, chromosomal aberrations,
and micronuclei in AgNP-treated mice are consistent with well-established mechanisms where
oxidative stress initiates mitochondria-mediated apoptosis. For example, Barabadi et al. [45]
demonstrated that green-synthesized AgNPs induced significant genotoxicity via ROS
interaction with DNA and activation of caspase-mediated apoptosis pathways, along with
marked antioxidant effects in plant-mediated nanoparticles. Similarly, Al-Asiri etal. [46]
reported that plant-mediated AgNPs induced cytotoxicity and apoptosis in breast cancer cells
through ROS-mediated mitochondrial dysfunction, with upregulation of pro-apoptotic markers
(p53, Bax, caspase-3, caspase-9) and downregulation of Bcl-2, supporting the role of
ROS-triggered intrinsic apoptosis. In endothelial cells, exposure to AgNPs led to ROS
overproduction, resulting in mitochondrial-lysosomal injury, autophagy disruption, and
activation of mitochondria-dependent apoptosis; treatment with a ROS scavenger
(N-acetylcysteine) attenuated these effects, further implicating ROS as the central trigger.

In contrast, our study shows that administration of C. gigantea-derived AgNPs
(CgAgNPs) significantly reduces ROS levels, chromosome aberrations, and the incidence of
micronuclei in a dose-dependent manner. This suggests that the antioxidant phytochemicals—
such as flavonoids and phenolic compounds—in C. gigantea can effectively scavenge ROS,
stabilize mitochondrial membranes, and inhibit activation of intrinsic apoptotic pathways.

Comparative studies such as Rodriguez-Garraus et al. [47] found that the genotoxicity
profile of plant-associated AgNP formulations, e.g., combined with kaolin, was milder than
chemically synthesized counterparts, with reduced chromosomal damage in vivo. These
findings parallel our observation that CgAgNPs exhibit a more biocompatible profile than plain
AgNPs, highlighting the protective role of plant capping agents. Taken together, suppression
of ROS-mediated apoptosis, stabilization of cellular redox balance, and modulation of
apoptosis signaling pathways likely mediate the dose-dependent mitigation of oxidative and
genotoxic markers by CgAgNPs. Future work should quantify changes in caspase-9 expression,
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the Bax/Bcl-2 ratio, and antioxidant enzyme levels (e.g., CAT, GPx) to substantiate these
mechanistic insights.

3.6. Chromosome aberration.

A total of 300 chromosomes in metaphase were observed in all groups (n = 6, 50
chromosomes per mouse) to examine structural and numerical aberrations, chromosome type,
and chromatid-type aberrations. Chromosome aberrations were observed after AgNPs,
CgAgNPs, and C. gigantea extract treatment for 24 h, 48 h, and 72 h, as shown in Table 1 and
the representative images in Figure 6A—H. Tests on bone marrow cells showed increased
chromosomal aberrations in mice treated with AgNPs, including rings, breaks, fragments,
pulverization, centromere adhesion, hypoploidy, polyploidy, and hyperploidy. AgNPs induced
a statistically significant number of numerical and structural aberrations in a dose- and time-
dependent manner. The frequency of structural aberrations was observed as 23.00 + 0.4, 22.67
+0.5,and 21.67 £ 0.3 in AgNPs (50 mg/kg bw) after 24, 48, and 72 h of exposure, respectively.
The control groups showed no significant level (p < 0.05) of induced structural chromosome
aberration with treatment time. The CgAgNPs-treated groups also showed no significant levels
of structural chromosome aberration except at the high dose, with which the maximum
aberration frequency was 11.00 = 0.4 at 200 mg/kg bw after 24 h of treatment. Significant
numerical aberrations were also observed in the AgNPs-treated groups, whereas CgAgNPs-
treated groups did not show induction of significant aberrations, as seen in Table 1. Moreover,
the mitotic index (M) decreased to 2.5% with increased AgNPs concentration and exposure
duration, while it was significantly increased (p < 0.05) to 4% in the CgAgNPs-treated groups
and approximately 5% in the control groups (Figure 7). C.gigantea extract failed to cause
chromosomal aberrations compared to the AgNPs groups. The genotoxicity of the extract was
evaluated by assessing chromosomal aberrations and conducting a micronucleus assay. The
genotoxic potential of AgNPs was reflected in various types of chromosome damage, attributed
to oxidation induced by AgNPs.

This study confirmed that AgNPs cause DNA damage, chromosomal aberrations, and
other cellular damage, reinforcing conclusions from previous studies [22,48]. In vivo and in
vitro studies have used the chromosomal damage test to detect structural and numerical
chromosome aberrations induced by pharmacological and chemical agents [40]. In this study,
there was a significant decrease in MI in the AgNPs group compared with the CgAgNPs and
control groups; these results are similar to those of Patlolla et al. [48]. Ml is often used as an
important criterion for cell proliferation. It is considered one of the most important indicators
of genotoxicity. Hence, the main objective of M1 is to guide the prognosis of diseases, including
cancer, in patients [49]. Nallanthighal et al. [50] reported that orally administered AgNPs may
cause oxidative chromosomal aberrations, deletions, and DNA damage in mice, resulting in
genome damage, a precursor of carcinogenesis. Our current results showed that C. gigantea
leaf extract and CgAgNPs failed to cause any chromosomal changes, possibly because of the
plant's chemical composition (lipid peroxides, phenolics, and flavonoids), which has
antioxidant activity. These results concur with those of previous studies [51, 52].

m
Control: no treatment, +ve control SOk—j bw AgNPs (1)

*Significant (p <0.05) B- Break; R- Ring; F- Fragment; Cd- Centromeric Adhesion; D-
Deletion; Pulv- Pulverization; HP-Hypo ploidy; HPr-Hyper ploidy; PP-Poly ploidy; T.h- time
(hours).
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Figure 6. Representative images of bone marrow cells of mice stained with 10% Giemsa stain showing effects
of AgNPs, CgAgNPs, and C. gigantea on chromosomal aberration. (A) Control; (B) AgNPs (50 mg/kg body
weight [bw]) after 24 h; (C) AgNPs (50 mg/kg bw), showing pulverization and polyploidy after 24 h; (D)
AgNPs (50 mg/kg bw) after 24 h; (E) AgNPs (200 mg/kg bw) after 24 h; (D) C.gigantea (300 mg/kg bw) after
24 h. Magnification 100x. (B, Break; D, Deletion; F, Fragment; C.ad, Centromeric Adhesion; R, Ring). Black
arrows indicate chromosomal aberration. Magnification 100x.

Table 1. Chromosome aberrations induced by AgNPs, C. gigantea, and CgAgNPs biosynthesis in laboratory
mice exposed for 24, 48, and 72 hours.

Groups Th No. Numerical aberrations Structural aberrations
treatment ' Metaphase | HP HPr | PP | Mean (%0)+SD | B R F | Cd| D | Pulv | Mean (%) + SD
24 300 4 3 2 3.00+0.2 0 1|2 ] 1] 4 1 3.00+0.3
Control 48 300 5 3 2 3.33:0.3 0 3|2 02 2 3.00£0.2
72 300 4 3 6 4.33£0.2 011|213 2 3.00£0.2
C aicant 24 300 5 2 3 3.33+0.3 0] 23] 13 2 3.67+0.3
36%%3 /kea 48 300 3 1 4 2.67+0.4 0] 1] 3] 21 3 3.33+0.2
7 300 5 2 4 3.6740.2 0112 2]3] 4 4.00+0.3
AGNP 24 300 20 21 | 26 22.33+0.5* 11 |11 (10 ] 13| 9 | 15 23.00+0.4*
5021 /ks 48 300 21 23 | 15 19.67+0.2* 5 |13 |13 | 11 | 15 | 11 22.67+0.5*
9% 775 300 14 21 | 13 16.00+0.4* 5 | 16 | 9 | 10 | 12 | 13 21.67+0.3*
CoAaNps |24 300 12 14 9 11.67+0.2* 0121168 6 5.33+0.3
1gbmg b S 748 300 14 11 2 9.00+0.3 0] 1] 101 6 3.00+0.2
9Kg 775 300 6 13 | 5 8.00+0.5* 04041 1 3.33:0.4
CoAaNPs |24 300 12 13 | 12 12.33+0.2* 1|6 | 3| 45 6 8.33+0.5
1gbm@’ Ko |48 300 9 7 14 10.00+0.6 0 4 3] 216 6 7.00+0.2
99 775 300 8 6 13 9.00+0.2* 0 3| 1] 5] 2 4 5.00+0.2
CoAaNps |24 300 12 14 | 16 14.00+0.5* 0] 93] 6| 4] 11 11.00+0.4*
ngn? T S 748 300 10 11 | 11 10.67+0.4 06| 4] 5] 3 8 8.67+0.3
k8 ™72 300 9 11 9 9.67+0.2 0 4 3|55 2 6.33+0.2
O2ah O48h O72h
600
500
£ . .
— 400
E .
£ 3.00 = -
= = I %
= i i
0.00 4 5l R
control 300mg/kg | SOmg/kg | 100mg kg | 150 mglkg | 200 mg/kg
control C.gigantea AghPs Cg.AghPs Cg.AghPs Cg-AghPs

Concentrations mg/kg bw

Figure 7. Chromosomal aberrations induced by AgNPs, CgAgNPs, and C. gigantea in bone marrow cells of

mice after exposure for 24 h, 48 h, and 72 h. Control, normal metaphase chromosomes. * Significant (p < 0.05).

3.7. Micronucleus test.

Experimental mice were treated with 50 mg/kg bw of AgNPs for three different
durations (24 h, 48 h, and 72 h). A total of 8,000 well-spread metaphases were examined across
all groups (n = 4, 2,000 cells per mouse). The number of micronuclei observed after AgNPs
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treatment at 24 h, 48 h, and 72 h is presented in Table 2, while representative images of aberrant
and normal metaphases are shown in Figure 8. The AgNP-treated groups produced various
forms of micronuclei at all time points, with a statistically significant increase (p < 0.05). In
contrast, the CgAgNP-treated groups exhibited lower micronuclei (MN) levels, although the
difference was not statistically significant compared with the control group. The C. gigantea
extract did not increase MN incidence relative to AgNPs. Micronuclei formation was induced
by AgNPs in a time- and dose-dependent manner, accompanied by a reduced PCE/NCE ratio,
confirming the genotoxic potential of AgNPs in mice [39, 51]. However, in this study,
CgAgNPs neither induced micronuclei formation nor altered the polychromatic
erythrocyte/normochromatic erythrocyte (PCE/NCE) ratio. Although limited cytogenetic
research has been conducted on C. gigantea, our findings confirm that the aqueous extract is
non-genotoxic. Moreover, C. gigantea aqueous extract exhibited a concentration-dependent
anti-mutagenic effect against AgNP-induced chromosomal aberrations, similar to observations
in the plant model Allium cepa [51]. These results are consistent with those of Wen et al. [22],
who reported that AgNP accumulation in immune organs may irritate the spleen and thymus
in AgNP-treated groups, but not in those treated with silver ions (Ag). The liver appears to be
the most affected organ, showing increased chromosomal damage, polyploidy, and micronuclei
formation, indicating nanoparticle-induced genotoxicity. Various mechanisms, such as spindle
apparatus disruption and chromosomal breakage, may contribute to MN formation. The in vivo
micronucleus assay remains a suitable method for evaluating genotoxicity, given the active
metabolic, pharmacokinetic, and DNA repair processes [52-54].

In our study, CgAgNPs demonstrated significantly lower genotoxicity compared to
chemically synthesized AgNPs, evidenced by reduced micronucleus formation and a stable
PCE/NCE ratio. This trend aligns with findings by Gurunathan et al. [55], who reported that
chemically synthesized AgNPs caused significant DNA fragmentation, ROS generation, and
apoptosis in human cells, while biosynthesized AgNPs showed reduced toxicity due to capping
with antioxidant phytochemicals [55]. In alignment with our work, Mahmoud et al. [56]
investigated Salvia officinalis-mediated AgNPs and found reduced oxidative stress, apoptosis,
and inflammation in the liver, attributing the biocompatibility to plant-derived antioxidants,
which is consistent with our hypothesis regarding C. gigantea’s phytochemical contribution
[56]. These comparisons reinforce our conclusion that the antioxidant-rich matrix of C.
gigantea significantly reduces AgNP-induced oxidative and genotoxic effects, making green
synthesis a preferable alternative in biomedical applications.

Figure 8. Representative images of peripheral blood cells of mice stained with acridine orange (125 pg/mL in
pH 6.8 phosphate buffer), showing effects of AgNPs, C. gigantea, and CgAgNPs on the micronucleus (MN).
(A) Control after 24 h; (B) CgAgNPs (50 mg/kg body weight [bw] after 24 h; (C) C. gigantea (300 mg/kg bw)
after 24 h; (D) CgAgNPs (200 mg/kg bw) after 24 h. Magnification 40x. White arrows indicate MN.
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Table 2. Frequency of micronuclei induced by AgNPs, C. gigantea, and CgAgNPs in the peripheral blood of
mice exposed to indicated doses for 24, 48, and 72 h duration.

. N. all % MNPCE % PCE /NCE
Time Treatment mg/ kg cells N. NCE N. PCE N. MN mean + SD mean + SD
control 8000 7855 145 5 3.45+ 0.28 1.85+ 0.28*
300 mg/kg C. gigantea 8000 7.860 140 6 4,29+ 0.27 1.78+ 0.26
24 h 50 mg/kg AgNPs 8000 7923 77 16 20.78+ 0.28* 0.97+ 0.28*
100 mg/kg CgAgNPs 8000 7901 99 6 6.06+ 0.28 1.25+ 0.21*
150 mg/kg CgAgNPs 8000 7889 111 9 8.11+ 0.28* 1.41+ 0.22*
200 mg/kg CgAgNPs 8000 7879 121 11 9.09+ 0.28* 1.54+ 0.25*
control 8000 7855 145 5 3.450.38* 1.85+0.28*
300 mg/kg C. gigantea 8000 7862 142 6 4.35+ 0.19 1.76+£0.25
48 h 50 mg/kg AgNPs 8000 7914 86 15 17.44.33* 1.09+0.23*
100 mg/kg CgAgNPs 8000 7909 91 6 6.590.21 1.15+0.21*
150 mg/kg CgAgNPs 8000 7901 99 9 9.09+0.21 1.25+0.24*
200 mg/kg CgAgNPs 8000 7891 109 11 10.09+0.25* 1.38+0.32*
control 8000 7855 145 5 3.45+0.24* 1.85+0.13*
300 mg/kg C. gigantea 8000 7858 142 5 3.52+ 0.26 1,81+ 0.24
72h 50mg/kg AgNPs 8000 7910 90 16 17.780.18* 1.14+0.27*
100 mg/kg CgAgNPs 8000 7888 112 6 5.360.15 1.42+0.29*
150 mg/kg CgAgNPs 8000 7879 121 9 7.440.39 1.54+0.28*
200 mg/kg CgAgNPs 8000 7868 132 11 8.330.29 1.68+0.32*

https://materials.international/

*P < 0.05; 2000 PCE were analyzed for each animal (n=4).

3.8. TUNEL assay (apoptosis).

A dose-dependent increase in TUNEL-positive cells (green fluorescence) was observed
in the sections treated with AgNPs, CgAgNPs, and C. gigantea for 24 h, as shown in Figures
9A-D. Quantitative estimates of apoptosis relative to the control groups are summarized in
Figure 9E. Compared to the control group, the number of apoptotic cells detected by TUNEL
staining in the treated groups significantly increased, indicating enhanced apoptotic
degeneration of hepatocytes due to CgAgNPs exposure. AgNPs likely induced apoptosis in
liver cells by elevating intracellular ROS levels, which can cause DNA damage and trigger cell
death [39]. The TUNEL assay detects blunt-ended double-stranded DNA breaks using TdT,
which catalyzes the addition of labeled dUTPs to the 3’-hydroxyl termini of DNA fragments.
These sites are visualized through reactions with FITC-conjugated antibodies in the liver
sections. The TUNEL assay in liver histological sections confirmed apoptosis in the AgNP-
treated specimens.
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Figure 9. Figures showing the results of TUNEL apoptosis assay (FITC-Labelled) performed on liver sections
of control and treated mice for 24h. (A) Control: Increase in green fluorescence indicates an increase in TUNEL
cells; (B) 50 mg/ kg BW AgNPs; decrease in green fluorescence indicates a decrease in TUNEL cells; (C) 200
mg/ kg BW CgAgNPs; (D) 300 mg/ kg BW C. gigantea; (E) Increase or decrease in apoptosis level is shown in
percentage relative to the control, which is set at 100%. * Significant (p < 0.05). Magnification 400X.

In contrast, the CgAgNPs- and C. gigantea-treated groups showed very low
fluorescence signals under the fluorescence microscope, except at higher doses and longer
exposure times, when TUNEL positivity was evident. These findings are consistent with those
reported by Al-Anazi et al. [39], who observed genotoxic responses induced by AgNPs in mice
[53].

4. Conclusions

In conclusion, the results of the current study demonstrated the potential of active
biological components in C. gigantea as capping and reducing agents to biosynthesize AgNPs.
Also, the results of this study demonstrated that CgAgNPs exerted remarkable protective
effects against AgNPs-induced toxicity in experimental mice, owing to their antioxidant
activity. Therefore, CJAgNPs could be used as a potential natural antioxidant and bioactive
compound. In contrast, a marked increase in viable cells was observed with CgAgNPs
treatment in all tests. This may lead to the use of natural products to enhance the effectiveness
of nanopatrticles, as a natural source for treating incurable diseases such as cancer, because it
contains dozens of phenolic compounds, enzymes, and plant hormones. These interact with
both the silver ions we use and the cell signaling pathways we aim to control with AgNPs in
the cell. Future research should focus on evaluating the long-term effects of exposure and
tissue-specific responses to CgAgNPs better to understand their safety and efficacy in clinical
settings.
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