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Triple-negative breast cancer (TNBC) is one of the most aggressive breast cancer 
subtypes and is associated with limited therapeutic options and poor clinical 
outcomes. The development of green nanotechnology-based delivery systems has 
emerged as a promising strategy to enhance the biological performance of plant-
derived bioactive compounds. In the present study, silver nanoparticles (AgNPs) 
were biosynthesized from Rhamnus persica leaf extract using an environmentally 
friendly precipitation approach and characterized by UV–Vis spectroscopy, X-ray 
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, dynamic light 
scattering (DLS), and electron microscopy.
The biological activity of the synthesized AgNPs was investigated in MDA-MB-231 
triple-negative breast cancer cells. Cell viability was determined using the MTT 
assay, apoptotic cell death was quantified by Annexin V-FITC/PI flow cytome-
try, and the transcriptional expression of apoptosis-related genes (Caspase-3 
and Caspase-9) together with extracellular matrix-associated genes (MMP2 and 
MMP9) was analyzed by quantitative real-time PCR.
Compared with the crude plant extract, R. persica-mediated AgNPs demonstrated 
markedly enhanced cytotoxic activity, yielding an IC₅₀ value of 9.45 μg/mL. Flow 
cytometric analysis confirmed a substantial increase in apoptotic cell populations 
following nanoparticle treatment, whereas only a limited proportion of cells un-
derwent necrosis.
Gene expression analysis revealed significant transcriptional upregulation of 
Caspase-3 and Caspase-9 accompanied by reduced expression of MMP2 and 
MMP9. Because these measurements were confined to mRNA expression, they 
should be interpreted as molecular findings and not as evidence of functional 
changes in cell migration or invasion. Collectively, these results indicate that bio-
synthesized R. persica AgNPs enhance the cytotoxic and pro-apoptotic effects of 
the plant extract against TNBC cells while providing preliminary molecular evi-
dence to support future mechanistic and translational investigations.
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INTRODUCTION
Breast cancer continues to impose a substantial 

global health burden and remains one of the 
most frequently diagnosed malignancies among 
women. Despite remarkable advances in screening 
programs, diagnostic technologies, and therapeutic 
interventions, it is still responsible for considerable 
morbidity and mortality worldwide [1,2]. Among 
the recognized molecular subtypes, triple-negative 

breast cancer (TNBC) is regarded as one of the most 
clinically aggressive forms because of its unfavorable 
prognosis and limited therapeutic options [3,4]. 
The lack of estrogen receptor (ER), progesterone 
receptor (PR), and human epidermal growth factor 
receptor 2 (HER2) expression renders TNBC 
unresponsive to endocrine therapy and HER2-
targeted agents, leaving systemic chemotherapy 
as the primary treatment strategy [5,6]. However, 
treatment efficacy is frequently compromised by 

http://creativecommons.org/licenses/by/4.0/.
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drug resistance, disease recurrence, and dose-
limiting toxicities, highlighting the need for more 
effective and less toxic therapeutic alternatives 
[7,8].

Natural products have emerged as an important 
source of novel anticancer compounds, and 
medicinal plants continue to attract attention 
because of their rich repertoire of biologically active 
phytochemicals. Flavonoids, alkaloids, phenolic 
compounds, and related secondary metabolites 
have been reported to regulate multiple cellular 
signaling pathways involved in apoptosis, oxidative 
stress, cell proliferation, and other processes 
associated with tumor progression [9–12]. Their 
multitargeted mechanisms of action, together with 
their relatively favorable safety profiles, make plant-
derived compounds promising candidates for the 
development of complementary or alternative 
anticancer therapies [13].

Among these medicinal plants, Rhamnus 
persica, a thorny shrub belonging to the 
Rhamnaceae family and native to Iran, has 
recently attracted increasing scientific interest. 
Traditionally, this species has been used for its 
laxative, anti-inflammatory, and detoxifying 
properties [14]. Phytochemical investigations 
have demonstrated that R. persica contains diverse 
bioactive constituents, including anthraquinones, 
flavonoids, and phenolic compounds, many of 
which have been associated with antioxidant and 
cytotoxic activities [15]. These phytochemicals 
may influence molecular pathways involved in 
cancer cell survival, apoptosis, and extracellular 
matrix regulation, suggesting that R. persica could 
represent a valuable source of anticancer agents 
[16,17].

Based on these considerations, the present 
study aimed to investigate the anticancer activity of 
biogenic silver nanoparticles synthesized using R. 
persica leaf extract against the MDA-MB-231 cell 
line, a widely used model of triple-negative breast 
cancer. In addition to evaluating cytotoxicity, the 
study combined apoptosis assessment with targeted 
transcriptional analysis of apoptosis-related genes 
(Caspase-3 and Caspase-9) and extracellular 
matrix-associated genes (MMP2 and MMP9) to 
provide preliminary molecular insight into the 
biological effects of the synthesized nanoparticles. 
The investigation was intentionally limited 
to cytotoxicity, apoptosis profiling, and gene 
expression analyses; therefore, functional assays 
related to cell migration, invasion, or metastatic 

behavior were not performed. Accordingly, the 
observed transcriptional changes should be 
interpreted as molecular findings rather than 
evidence of functional anti-metastatic activity. The 
novelty of this work resides in integrating green 
synthesis of R. persica-mediated silver nanoparticles 
with gene-level mechanistic evaluation in a triple-
negative breast cancer model, thereby establishing 
a foundation for future functional and translational 
investigations.

MATERIALS AND METHODS
Plant Material and Extract Preparation

The aerial parts of Rhamnus persica were 
collected, air-dried, and ground into a fine powder 
before extraction. Ethanolic extracts were obtained 
by Soxhlet extraction using 10 g of powdered 
plant material in 100 mL of 70% ethanol. After 
filtration, the extracts were stored at 4°C until 
further use. For nanoparticle synthesis, an aqueous 
extract was prepared by heating the plant material 
in distilled water followed by filtration. The 
resulting filtrate served as the biological reducing 
and stabilizing agent for the green synthesis of 
silver nanoparticles in the presence of AgNO₃ 
and polyvinylpyrrolidone (PVP). Comprehensive 
phytochemical characterization, including HPLC 
or LC–MS analysis, was not performed because 
the objective of this investigation was to evaluate 
the extract as a natural reagent for nanoparticle 
biosynthesis rather than to isolate or identify its 
individual constituents.

Biosynthesis and Characterization of Silver 
Nanoparticles

Silver nanoparticles were synthesized using the 
aqueous leaf extract of R. persica through a green 
reduction approach. Briefly, 4 mL of the extract was 
added to a 1 mM silver nitrate solution and gently 
stirred at room temperature for 1 h. Successful 
nanoparticle formation was indicated by a visible 
color transition from pale yellow to dark brown, 
reflecting the reduction of Ag⁺ ions. The synthesized 
nanoparticles were collected by centrifugation at 
13,000 rpm for 15 min and washed repeatedly with 
distilled water to eliminate residual silver ions and 
plant-derived impurities. The purified pellet was 
subsequently dried at 37°C.

The physicochemical characteristics of the 
biosynthesized AgNPs were evaluated using 
multiple analytical techniques. Transmission 
electron microscopy (TEM) and scanning electron 
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microscopy (SEM) were employed to determine 
particle morphology and size distribution. 
Crystalline structure was examined by X-ray 
diffraction (XRD), while Fourier-transform 
infrared (FTIR) spectroscopy was used to identify 
functional groups involved in nanoparticle 
reduction and stabilization. FTIR spectra were 
processed using Origin software. Dynamic 
light scattering (DLS) analysis was performed 
to determine hydrodynamic diameter and 
polydispersity index, and UV–Visible spectroscopy 
was used to verify nanoparticle formation through 
surface plasmon resonance analysis.

Cell Culture
Human triple-negative breast cancer MDA-

MB-231 cells were maintained in RPMI-1640 
medium supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin–streptomycin 
under standard culture conditions (37°C in a 
humidified incubator containing 5% CO₂). Cells 
were subcultured after reaching approximately 
80% confluence using Trypsin–EDTA, collected 
by centrifugation, and reseeded at appropriate 
densities for subsequent experiments. Fresh 
culture medium was supplied every 48 h or earlier 
when medium acidification indicated increased 
metabolic activity.

For long-term preservation, cell suspensions 
with viability exceeding 90% were cryopreserved 
in freezing medium consisting of 90% RPMI-1640 
and 10% FBS. Samples were initially stored at –80°C 
before transfer to liquid nitrogen. Frozen cells were 
rapidly thawed, washed to remove cryoprotective 
medium, resuspended in fresh culture medium, 
and used for experiments after confirming viability 

with 0.4% Trypan Blue staining. All cell culture 
procedures were conducted under sterile conditions 
inside a laminar airflow cabinet following routine 
UV sterilization and ethanol disinfection.

Cytotoxicity Assay
The cytotoxic activity of the synthesized AgNPs 

was evaluated using the MTT colorimetric assay. 
MDA-MB-231 cells were seeded into 96-well plates 
at a density of 1 × 10⁴ cells per well and allowed 
to attach before treatment. Cells were exposed to 
AgNP concentrations of 100, 50, 25, 12.5, 6.25, 
and 3.125 μg/mL for 24 h. Following treatment, 
MTT solution (0.5 mg/mL) was added to each well 
and incubated for 3 h to allow formazan crystal 
formation. The crystals were dissolved in dimethyl 
sulfoxide (DMSO), and absorbance was measured 
at 570 nm using a microplate reader.
Gene Expression Analysis

Total RNA was isolated from treated and 
untreated MDA-MB-231 cells and reverse-
transcribed into complementary DNA (cDNA) 
according to the manufacturer’s protocol. cDNA 
concentration and purity were determined using a 
NanoDrop spectrophotometer, and equal amounts 
of template were used in all amplification reactions. 
Quantitative real-time PCR was carried out using 
Bioneer Master Mix and gene-specific primers 
targeting Caspase-3, Caspase-9, MMP2, and MMP9, 
with β-actin serving as the internal reference gene. 
Each biological sample was analyzed in technical 
triplicate.

PCR amplification consisted of an initial 
denaturation step at 95°C for 10 min followed by 
40 amplification cycles of 95°C for 20 s, 55°C for 
20 s, and 72°C for 20 s. Threshold cycle (Ct) values 

Table1. Primer sequences used for real-time PCR 
 

Genes 
 

Sequence (5'                 3') TM(°C) Accession No PCR Product length (bp) 

Caspase 9 
F: GTTTGAGGACCTTCGACCAGCT 
R: CAACGTACCAGGAGCCACTCTT 

62 NM_001229 129 

Caspase 3 F: ATGGAAGCGAATCAATGGA 
R: TGTACCAGACCGAGATGTC 

55 NM_001354782.2 137 

MMP2 
F: TTGACGGTAAGGACGGACTC 

R: CATACTTCACACGGACCACTTG 
59 NM_004994.3 126 

MMP9 
F: GCACGACGTCTTCCAGTACC 

R: CAGGATGTCATAGGTCACGTAGC 
60 NM_001302510.2 124 

β-actin 
F: TCCTCCTGAGCGCAAGTAC 

R: CCTGCTTGCTGATCCACATCT 
55 NM_001101.5 89 

 
  

Table 1. Primer sequences used for real-time PCR
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were analyzed using REST 2009 software based 
on the comparative ΔΔCt approach, and relative 
transcript abundance was expressed as 2−ΔΔCt. 
Graphical presentation of gene expression data 
was prepared using GraphPad Prism 6. Melt curve 
analysis was performed following amplification to 
verify the specificity of each PCR product and to 
exclude nonspecific amplification or primer-dimer 
formation.

Apoptosis Analysis
Apoptotic cell death was evaluated by 

Annexin V-FITC/propidium iodide (PI) dual 
staining followed by flow cytometric analysis. 
MDA-MB-231 cells were exposed to the IC₅₀ 
concentration of R. persica-mediated AgNPs under 
the same experimental conditions used for the 
cytotoxicity assay. Following treatment, cells were 
harvested, stained according to the manufacturer’s 
instructions, and analyzed by flow cytometry. 
Cell populations were classified into viable, early 
apoptotic, late apoptotic, and necrotic fractions 
based on their Annexin V-FITC and PI staining 
profiles.

Statistical Analysis
All experiments were conducted in three 

independent replicates, and the results are 
presented as mean ± standard deviation (SD). 
Statistical analyses were performed using one-way 
analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison post hoc test to evaluate 
differences among experimental groups. Statistical 
significance was defined as a p value of less than 
0.05.

RESULTS
Characterization of Silver Nanoparticles Synthesized 
from Rhamnus persica Leaf Extract

The green synthesis of silver nanoparticles 
using Rhamnus persica leaf extract was successfully 
accomplished, as evidenced by the gradual color 
transition of the reaction mixture from colorless to 
dark brown within approximately 4 h, indicating the 
reduction of Ag⁺ ions and nanoparticle formation. 
UV–Visible spectroscopic analysis further verified 
nanoparticle synthesis by displaying a distinct 
surface plasmon resonance (SPR) absorption peak 
at 445 nm.

The crystalline characteristics of the 
synthesized nanoparticles were examined by 
X-ray diffraction analysis. The diffraction pattern 

exhibited prominent reflections at 2θ values of 33°, 
35°, 38°, and 48°, confirming the crystalline nature 
of the AgNPs and their face-centered cubic (fcc) 
structure.

Morphological evaluation by scanning 
electron microscopy (SEM) demonstrated that the 
nanoparticles displayed heterogeneous dimensions 
ranging from 17.9 to 60.3 nm, with limited particle 
aggregation observed in some regions. Transmission 
electron microscopy (TEM) provided additional 
structural information and showed that most 
nanoparticles possessed a predominantly spherical 
morphology with particle diameters reaching 
approximately 80 nm. Dynamic light scattering 
(DLS) analysis revealed a major hydrodynamic size 
distribution between 20 and 30 nm, which differs 
from electron microscopy measurements because 
DLS determines the hydrodynamic diameter of 
particles dispersed in solution rather than the 
physical core diameter.

Fourier-transform infrared (FTIR) 
spectroscopy identified characteristic absorption 
bands corresponding to O–H, C=O, C=C, and 
C–O functional groups. These findings indicate 
that naturally occurring biomolecules, particularly 
phenolic and flavonoid constituents present in the 
R. persica extract, likely participated in both the 
reduction of silver ions and stabilization of the 
synthesized nanoparticles (Fig. 1). Although the 
FTIR spectrum of the crude plant extract was not 
analyzed separately, the detected functional groups 
are consistent with those previously reported for 
phenolic-rich plant extracts employed in green 
synthesis of metallic nanoparticles.

Cytotoxic Effects of Rhamnus persica-Derived AgNPs 
and the Free Plant Extract on MDA-MB-231 Cells

The cytotoxic activities of biosynthesized R. 
persica AgNPs and the corresponding free plant 
extract were evaluated in MDA-MB-231 cells 
using the MTT assay. Both treatments produced 
concentration-dependent decreases in cell viability; 
however, the nanoparticle formulation consistently 
exhibited substantially greater cytotoxic potency 
across the entire concentration range examined. 
At the highest tested concentration (100 μg/mL), 
treatment with AgNPs reduced cell viability to 
23.44 ± 0.45%, whereas exposure to an equivalent 
concentration of the free extract resulted in 74.65 ± 
0.36% viable cells (Fig. 2).

The half-maximal inhibitory concentration 
(IC₅₀) of the AgNP formulation was calculated to 
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Fig. 1. Physicochemical characterization of biosynthesized Rhamnus persica-mediated silver nanoparticles (AgNPs). (A) UV–Visible absorp-
tion spectrum demonstrating the characteristic surface plasmon resonance (SPR) peak at 445 nm, confirming nanoparticle formation. (B) 
X-ray diffraction (XRD) pattern showing the crystalline structure of the synthesized silver nanoparticles. (C) Scanning electron microscopy 
(SEM) micrographs illustrating nanoparticle morphology together with particle size variation. (D) Transmission electron microscopy (TEM) 
images demonstrating the predominantly spherical morphology of the AgNPs. (E) Dynamic light scattering (DLS) profile presenting the hy-
drodynamic particle size distribution and polydispersity in aqueous suspension. (F) Fourier-transform infrared (FTIR) spectrum indicating 
the major functional groups associated with phytochemicals involved in the reduction and stabilization of the biosynthesized nanoparticles.
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Continued Fig. 1. Physicochemical characterization of biosynthesized Rhamnus persica-mediated silver nanoparticles (AgNPs). (A) UV–
Visible absorption spectrum demonstrating the characteristic surface plasmon resonance (SPR) peak at 445 nm, confirming nanoparticle 
formation. (B) X-ray diffraction (XRD) pattern showing the crystalline structure of the synthesized silver nanoparticles. (C) Scanning elec-
tron microscopy (SEM) micrographs illustrating nanoparticle morphology together with particle size variation. (D) Transmission electron 
microscopy (TEM) images demonstrating the predominantly spherical morphology of the AgNPs. (E) Dynamic light scattering (DLS) profile 
presenting the hydrodynamic particle size distribution and polydispersity in aqueous suspension. (F) Fourier-transform infrared (FTIR) spec-
trum indicating the major functional groups associated with phytochemicals involved in the reduction and stabilization of the biosynthesized 

nanoparticles.
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be 9.45 μg/mL, demonstrating markedly greater 
biological activity than the free extract, which 
exhibited an IC₅₀ of 990.55 μg/mL. This difference 
remained evident at lower concentrations. For 
example, treatment with 6.25 μg/mL AgNPs 
decreased cell viability to 67.44 ± 0.43%, whereas 
cells exposed to the same concentration of the 
crude extract maintained a viability of 93.44 ± 
0.45%, indicating only minimal cytotoxic activity.

Transcriptional Analysis of Apoptosis-Related and 
Extracellular Matrix-Associated Genes

The transcriptional responses of apoptosis-
related and extracellular matrix-associated genes 
were evaluated by quantitative real-time PCR 
following treatment with R. persica-mediated 
AgNPs or the corresponding free extract at their 
respective IC₅₀ concentrations. AgNP treatment 
significantly increased the expression of the 
apoptotic genes Caspase-3 and Caspase-9 by 3.70 
± 0.87-fold and 3.99 ± 0.89-fold, respectively (p < 
0.001). In contrast, treatment with the free extract 
produced smaller, although statistically significant, 
increases in Caspase-3 (2.09 ± 0.65-fold) and 
Caspase-9 (2.44 ± 0.78-fold) expression.

Expression of the extracellular matrix-
associated genes MMP2 and MMP9 was reduced 
in cells treated with the nanoparticle formulation, 
reaching 0.58 ± 0.26-fold and 0.63 ± 0.19-fold, 

respectively (p < 0.01). The free extract also 
produced decreases in the expression of these 
genes; however, the observed changes were not 
statistically significant (Fig. 3). Because these 
analyses were limited to mRNA expression, 
the reductions in MMP2 and MMP9 should be 
interpreted as molecular findings only and should 
not be considered evidence of altered migratory, 
invasive, or anti-metastatic activity in the absence 
of dedicated functional assays.

Flow Cytometric Analysis of Apoptosis
Apoptotic cell death induced by the nanoparticle 

formulation and the free extract was further 
evaluated by Annexin V-FITC/PI flow cytometry 
following treatment at their respective IC₅₀ 
concentrations. Cells exposed to R. persica-mediated 
AgNPs exhibited 14.7% early apoptotic cells and 
11.2% late apoptotic cells, corresponding to a total 
apoptotic population of 25.9%, whereas only 1.39% 
of cells were classified as necrotic. In comparison, 
treatment with the free extract resulted in a lower 
overall apoptotic population (17.19%) together with 
minimal necrosis (0.47%) (Fig. 4). These findings 
indicate that nanoparticle formulation enhanced 
apoptosis induction without a corresponding 
increase in necrotic cell death, supporting apoptosis 
as the predominant mechanism underlying the 
observed reduction in cell viability.

 

Figure 2. Concentration-dependent cytotoxic activity of Rhamnus persica-mediated silver 
nanoparticles (AgNPs) and the corresponding free plant extract against MDA-MB-231 cells. Cells 
were exposed to increasing concentrations (3.125–100 μg/mL) of each treatment for 24 h, and cell 
viability was determined using the MTT assay. Results are presented as the percentage of viable 
cells relative to untreated controls (mean ± SD, n = 3 independent experiments). Statistical 
comparisons were performed using one-way ANOVA followed by Tukey's multiple comparison 
test (p < 0.05, p < 0.01, p < 0.001). 

 

  

Fig. 2. Concentration-dependent cytotoxic activity of Rhamnus persica-mediated silver nanoparticles (AgNPs) and the corresponding 
free plant extract against MDA-MB-231 cells. Cells were exposed to increasing concentrations (3.125–100 μg/mL) of each treatment 
for 24 h, and cell viability was determined using the MTT assay. Results are presented as the percentage of viable cells relative to 
untreated controls (mean ± SD, n = 3 independent experiments). Statistical comparisons were performed using one-way ANOVA 

followed by Tukey’s multiple comparison test (p < 0.05, p < 0.01, p < 0.001).
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Figure 3. Relative transcriptional expression of apoptosis-related and extracellular matrix-
associated genes in MDA-MB-231 cells following treatment with Rhamnus persica-mediated 
silver nanoparticles (AgNPs) and the corresponding free extract. Messenger RNA levels of 
Caspase-3, Caspase-9, MMP2, and MMP9 were determined by quantitative real-time PCR after 
24 h of treatment at the respective IC₅₀ concentrations. Gene expression values were normalized 
to β-actin and calculated using the comparative 2⁻ΔΔCt method. Results are expressed as mean ± 
SD (n = 3 independent experiments). Statistical significance was evaluated by one-way ANOVA 
(p < 0.05, p < 0.01, p < 0.001). 
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Figure 4. Flow cytometric evaluation of apoptosis in MDA-MB-231 cells following treatment 
with Rhamnus persica-mediated silver nanoparticles (AgNPs) and the corresponding free 
extract. Cells were exposed to the respective IC₅₀ concentrations for 24 h and subsequently stained 
with Annexin V-FITC and propidium iodide (PI) before flow cytometric analysis. Representative 
dot plots together with quantitative data illustrate the distribution of viable, early apoptotic, late 
apoptotic, and necrotic cell populations. Results are presented as mean ± SD (n = 3 independent 
experiments). Statistical differences among experimental groups were analyzed using one-way 
ANOVA followed by Tukey's multiple comparison test (p < 0.05, p < 0.01, p < 0.001). 
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DISCUSSION
Breast cancer continues to represent a major 

global health challenge and remains one of the 
principal causes of cancer-related morbidity 
among women despite substantial progress 
in screening, diagnosis, and treatment [18]. 
Consequently, the identification of safer and more 
effective therapeutic alternatives has become 
an important focus of current cancer research. 
Plant-derived bioactive compounds have received 
considerable attention because of their broad 
pharmacological properties, including antioxidant, 
anti-inflammatory, and antiproliferative activities, 
together with their generally favorable safety 
profiles [19,20]. Among medicinal plants, R. 
persica has emerged as a promising source of 
phytochemicals such as flavonoids and phenolic 
compounds, which are known to participate in 
the regulation of signaling pathways associated 
with cancer cell survival and programmed cell 
death [21,22]. In the present study, the crude R. 
persica leaf extract exhibited measurable cytotoxic 
activity against MDA-MB-231 cells, whereas its 
incorporation into biogenic silver nanoparticles 
substantially enhanced these biological effects. 
Compared with the free extract, R. persica-mediated 
AgNPs produced markedly lower IC₅₀ values and 
induced a more pronounced apoptotic response, as 
confirmed by both transcriptional analysis and flow 
cytometric assessment [23]. These observations are 
in agreement with previous studies demonstrating 
that nanoparticle-based delivery systems improve 
the stability, cellular uptake, intracellular retention, 
and biological performance of plant-derived 
bioactive compounds [24,25].

At the molecular level, treatment with R. 
persica-mediated AgNPs resulted in coordinated 
transcriptional upregulation of the apoptotic 
regulators Caspase-3 and Caspase-9, accompanied 
by downregulation of extracellular matrix-
associated genes MMP2 and MMP9. Importantly, 
these findings should be interpreted exclusively 
at the gene expression level and do not indicate 
functional alterations in cell migration or invasion. 
Instead, they provide preliminary molecular 
evidence regarding pathways that may be influenced 
by the nanoparticle formulation. The observed 
transcriptional modulation may be explained by 
improved intracellular delivery, increased surface 
reactivity, and sustained release of phytochemicals 
associated with the nanoscale properties of the 

AgNPs [26]. Moreover, the flow cytometric findings 
demonstrated that the enhanced cytotoxicity was 
predominantly mediated through apoptosis rather 
than necrosis, suggesting a controlled mode of cell 
death with potential therapeutic relevance [27]. 
It should also be emphasized that the reduced 
expression of MMP2 and MMP9 was determined 
solely at the mRNA level. Because migration, 
invasion, and extracellular matrix remodeling 
assays were beyond the scope of the present 
study, these molecular alterations should not be 
interpreted as evidence of anti-metastatic or anti-
invasive activity. Rather, they identify potential 
signaling pathways that merit investigation through 
dedicated functional studies.

Natural-product-based therapeutic strategies 
possess several advantages over conventional 
single-target approaches because phytochemicals 
frequently influence multiple signaling pathways 
simultaneously, potentially reducing the 
emergence of therapeutic resistance [13,28,29]. 
The incorporation of these compounds into 
nanocarrier systems may further improve their 
pharmacological performance by enhancing 
stability, bioavailability, and cellular delivery while 
permitting lower effective doses and potentially 
reducing off-target toxicity [30,31]. Collectively, 
the present findings support the concept that green 
nanotechnology can substantially improve the 
biological activity of medicinal plant extracts and 
strengthen their molecular anticancer effects.

Although the present investigation was 
restricted to in vitro cytotoxicity, apoptosis, and 
gene expression analyses, the results provide 
valuable mechanistic insight into the biological 
activity of R. persica-derived silver nanoparticles 
against triple-negative breast cancer cells. The 
enhanced induction of apoptosis together with 
the transcriptional modulation of extracellular 
matrix-associated genes suggests that nanoparticle 
formulation improves the anticancer potential 
of the plant extract at the molecular level. 
Nevertheless, because functional migration, 
invasion, and extracellular matrix remodeling 
assays were not performed, the observed changes in 
MMP2 and MMP9 expression should be regarded 
as preliminary molecular findings rather than 
direct evidence of anti-metastatic efficacy. Future 
investigations incorporating functional in vitro 
assays, protein-level validation, and appropriate 
in vivo models will be necessary to clarify the 
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therapeutic significance and translational potential 
of R. persica-mediated silver nanoparticles for the 
treatment of aggressive breast cancer [32].

CONCLUSION
In conclusion, the present study demonstrates 

that silver nanoparticles biosynthesized using 
R.persica leaf extract exert pronounced cytotoxic 
effects against triple-negative breast cancer MDA-
MB-231 cells and preferentially induce apoptotic 
cell death. Compared to the free plant extract, the 
nanoparticle formulation significantly enhanced 
anticancer activity, as evidenced by lower IC₅₀ 
values, increased apoptotic cell populations, and 
coordinated upregulation of apoptosis-related 
genes, including Caspase-3 and Caspase-9.

In addition to apoptotic signaling, treatment with 
R. persica–mediated silver nanoparticles resulted in 
transcriptional modulation of extracellular matrix–
associated genes, namely MMP2 and MMP9. These 
alterations were evaluated exclusively at the mRNA 
level and are not indicative of functional changes 
in cell migration, invasion, or metastatic behavior. 
Rather, they provide preliminary molecular insight 
into pathways that may be influenced by the 
nanoparticle-based formulation.

Overall, this work highlights the potential 
of integrating phytochemical-rich plant extracts 
with nanotechnology to enhance cytotoxic and 
pro-apoptotic responses in aggressive breast 
cancer models. While the findings are limited to 
in vitro cytotoxicity, apoptosis profiling, and gene 
expression analyses, they establish a molecular 
framework that supports further functional and 
translational studies to elucidate the biological 
relevance and therapeutic applicability of R. 
persica–derived silver nanoparticles.
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