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ABSTRACT 

Breast cancer is one of the leading causes of cancer-related mortality worldwide, highlighting the need for new, 

safer, and more effective therapeutic strategies. Phytochemical screening of the Boerhavia diffusa L. extract confirmed the 

presence of flavonoids, phenols, tannins, glycosides, and cardiac glycosides, which may contribute to nanoparticle synthesis 

and stabilization. UV–Vis spectroscopy confirmed the formation of AgNPs through the appearance of a characteristic surface 

plasmon resonance peak at 420 nm, while SEM–EDAX, XRD, and FTIR analyses were used for further characterization. 

SEM revealed predominantly spherical nanoparticles, while XRD confirmed their face-centered cubic crystalline structure. 

FTIR analysis suggested that phytochemicals from the plant acted as reducing and capping agents. Michigan Cancer 

Foundation-7 (MCF-7) cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay to evaluate the dose-dependent cytotoxicity of the AgNPs, yielding an IC₅₀ value of 36 µg/mL. Apoptosis 

induction in cells treated with AgNPs was evaluated by morphological observation and staining with acridine 

orange/ethidium bromide (AO/EtBr) and 4′,6-diamidino-2-phenylindole (DAPI). These results indicate that B. diffusa-

mediated AgNPs exhibit anticancer activity against MCF-7 cells in vitro. Nevertheless, these findings require validation 

through further in vivo and mechanistic studies before the therapeutic potential of the AgNPs can be established. 
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1. INTRODUCTION 

Breast cancer remains a multifaceted global 

health challenge, necessitating the exploration of novel 

therapeutic strategies that offer enhanced efficacy and 

reduced toxicity to healthy cells. Conventional 

therapeutic approaches, such as surgery, radiotherapy, 

and chemotherapy, are often effective for localized 

cancer; however, they are frequently inadequate for 

managing metastatic cancer (Yeşilot and Dönmez, 2021). 

The significant side effects and high costs associated with 

conventional chemotherapy underscore the urgent need 

for cost-effective and practical cancer therapies 

(Deivanathan and Prakash, 2023). In this context, 

nanotechnology has emerged as a promising field 

because it enables targeted drug delivery systems that 

minimize systemic toxicity while enhancing therapeutic 

outcomes in cancer treatment (Agilen et al. 2019). 

Recently, biogenic silver nanoparticles, particularly those 

synthesized using biological resource extracts, have 

attracted significant attention for their relative 

biocompatibility, ease of synthesis, and proven 

anticancer effects (Firdhouse and Lalitha, 2015; Pandey 

et al. 2025). This emerging field seeks to leverage the 

unique physical and chemical characteristics of 

nanoparticles to develop more effective diagnostic tools 

and cancer therapies (Khan et al. 2021). 

In recent years, the green synthesis of 

nanoparticles using plant extracts has provided an 

economical and environmentally friendly approach, in 

contrast to traditional chemical methods that utilize toxic 

reagents and require energy-intensive protocols (Palle et 

al. 2020). Plant-mediated approaches are much more 

environmentally friendly and offer different 

biocompatibility and therapeutic potential for evolved 

synthesis products than chemical approaches, mainly 

because of the ability of many phytochemicals, such as 

flavonoids, phenols, tannins, and other bioactive 

compounds, to act as natural reducing and stabilizing 

agents (Hamzah, 2026; Hublikar et al. 2023). Among 

metallic nanoparticles, silver nanoparticles (AgNPs) are 

of particular interest because of their wide range of 

antimicrobial properties (Balaji and Muthukaliannan, 

2016; Firdhouse and Lalitha 2015; Vishal et al. 2023). 

Their unique physicochemical properties, such as high 

surface area-to-volume ratio, nanosize, and ability to 

diffuse across biological membranes, can induce cell 

apoptosis or inhibit vital cellular pathways in cancer cells 

(Vishal et al. 2023). Although advances have been made 

in conventional cancer therapies, the estimated rise to a 

projected global incidence of 30 million cases by 2040 

(Madhusudanan, 2024) emphasizes the profound need 

for safer and more targeted therapeutic approaches. This 

has prompted increasing interest in the plant-mediated 
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synthesis of metallic nanoparticles, especially AgNPs, as 

environmentally benign nanomaterials for application in 

cancer diagnosis and treatment, as well as to overcome 

the drug resistance and systemic toxicity associated with 

conventional chemotherapy (Kumarasamy et al. 2026; 

Singh et al. 2024; Bharadwaj et al. 2021; Todaria et al. 

2024). In addition, their small size and membrane 

permeability enable AgNPs to be taken up and 

accumulated in various cells, making them promising 

candidates for biomedical applications with clinical 

potential; however, further studies are required to 

validate their efficacy and safety (Bharadwaj et al. 2021; 

Halimatussakdiah et al. 2025; Todaria et al. 2024). 

Nonetheless, a deeper investigation is needed 

into the cytotoxic effects of biogenic AgNPs on the MCF-

7 cell line, as well as a comprehensive analysis of these 

nanoparticles. The green synthesis method leverages the 

rich phytochemical constituents of plant extracts to 

facilitate the biological conversion of silver ions (Ag+) 

into stable silver nanoparticles (Hosny et al. 2025). This 

method is highly effective because various 

phytochemical substances, such as flavonoids, 

terpenoids, and polyphenols, not only serve as reducing 

agents but also help stabilize the nanoparticles, often 

providing additional therapeutic benefits. This eco-

friendly technique produces nanoparticles with 

customizable optical, electronic, and catalytic properties, 

which are essential for a wide range of biomedical 

applications (Javid and Dilshad, 2023). 

This category of biogenic nanoparticles is 

highlighted due to their demonstrated effectiveness in 

triggering apoptosis, generating reactive oxygen species, 

and causing genotoxicity in various cancer cell lines, 

which has led to their consideration as modern 

therapeutic agents (Singh et al. 2025). Although research 

on the green synthesis of AgNPs for cancer treatment is 

on the rise, there remains a substantial gap in fully 

understanding and characterizing the mechanism of 

AgNPs derived from medicinal plants such as Boerhavia 

diffusa L. and their cytotoxic effects on human breast 

cancer cells (Bhandari et al. 2022). The understanding of 

the cytotoxic mechanisms and biomolecular interactions 

of B. diffusa L. extract concerning its anticancer potential 

against the MCF-7 cell line is incomplete (Bhandari et al. 

2022), and several studies have reported on plant-derived 

AgNPs with anticancer properties. This is among the first 

studies to combine phytochemical screening, four-

technique physicochemical characterization (UV–Vis, 

SEM-EDAX, XRD, FTIR), and multi-assay apoptosis 

confirmation (MTT, morphology, AO/EtBr, DAPI) 

specifically for B. diffusa-derived AgNPs against MCF-7 

cells. This research encompasses the evaluation of 

various sophisticated staining methods, including, among 

other aspects, morphological alterations, mitochondrial 

integrity deterioration, and apoptotic pathways. 

 

2. MATERIALS AND METHODS 

2.1 Collection of Boerhavia diffusa L. Leaves 

Fresh leaves of B. diffusa (Fig. 1) were collected 

from Acharapakkam, Chengalpet, Tamil Nadu, India.  

 

Fig. 1: Boerhavia diffusa L. leaves 

2.2 Preparation of Aqueous Leaf Extract 

The collected B. diffusa leaves were washed 

with distilled water to remove any dust and impurities.  

20 g of fresh leaves were boiled in 100 mL of distilled 

water for 5 min. After boiling, the extract was allowed to 

cool and was filtered through filter paper (Whatman No. 

1). The filtrate was then stored at 4 °C for subsequent 

experimental use (Iravani, 2011). 

2.3 Phytochemical Screening 

The phytochemical analysis of the leaf extract 

was performed using standard protocols (Harborne, 

1998) to detect major bioactive constituents.  

2.4 Synthesis of Silver Nanoparticles (AgNPs) 

Silver nanoparticles were synthesized through 

an eco-friendly method by adapting an established 

technique (Ahmed et al. 2016). The aqueous leaf extract 

(10 mL) was added to 90 mL of a 1 mM silver nitrate 

(AgNO₃) solution in triplicate. The mixture was kept in a 

water bath at 60 °C for 10 min. The synthesized AgNPs 

were indicated by a color change from pale yellow to 

dark brown, which is due to surface plasmon resonance. 

The mixture was centrifuged at 10,000 rpm for 15 min, 

and the pellet was washed repeatedly with distilled water. 

The purified nanoparticles were dried at room 

temperature and stored for further characterization. 

Nanoparticle yield was calculated gravimetrically as the 

dry weight of purified AgNPs per 100 mL of reaction 

volume, expressed in mg/100 mL, with the percentage 

conversion calculated relative to the AgNO₃ input. 

2.5 Characterization of Synthesized AgNPs 

The reduction of Ag⁺ ions and the subsequent 

formation of AgNPs were monitored using a UV–Vis 
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spectrophotometer (Shimadzu UV-1800) across a 

wavelength range of 300–700 nm (Kelly et al. 2003). The 

morphology and nanoparticle size were analyzed using 

HR-SEM (FEI Quanta FEG 200), and the elemental 

composition was analyzed by EDAX attached to the 

SEM instrument (Goldstein et al. 2018). The crystalline 

structure of the AgNPs was characterized using an X-ray 

diffractometer operating at 45 kV and 30 mA with Cu-Kα 

radiation, and the diffraction pattern was recorded over a 

2θ range of 10–90°. Fourier Transform Infrared (FTIR) 

spectroscopy (Perkin Elmer Spectrum One) was 

conducted over the spectral range of 4000–400 cm⁻¹ to 

identify the functional groups in the synthesized 

nanoparticles (Stuart, 2021).  

2.6 MTT Assay for in vitro Cytotoxicity 

The MTT assay was employed to evaluate the 

cytotoxicity of the synthesized AgNPs against MCF-7 

human breast cancer cells, obtained from the National 

Center for Cell Science (NCCS) in Pune. The cells were 

cultured in Dulbecco's Modified Eagle Medium 

(DMEM) under optimal conditions (37 °C, 5% CO₂) 

(Mosmann, 1983). A cell density of 1 × 10⁶ cells/mL was 

seeded into 96-well plates and exposed to varying 

concentrations of synthesized AgNPs (12.5, 25, 50, and 

100 µg/mL) in triplicate for a duration of 24 h. The 

untreated AgNP cells served as controls. After the 

incubation period, 10 µL of MTT reagent was added, and 

the cells were incubated for an additional 4 h. The 

resulting formazan crystals were dissolved in 100 µL of 

dimethyl sulfoxide (DMSO), and the absorbance was 

measured at 570 nm using a microplate reader. 

Cell viability was calcula-ted as follows: 

Cell viability (%) = [Mean optical density (OD) of the 
experimental sample (AgNPs)/Mean OD value of experimental 

control] × 100 

The half-maximal inhibitory concentration 

(IC₅₀) was determined from the dose–response curve. 

2.7 Morphological Analysis 

MCF-7 cells (1 × 10⁵ cells) were cultured and 

subsequently treated with AgNPs at the IC₅₀ 

concentration. The cells were fixed with a methanol: 

acetic acid solution (3:1), mounted on slides, and 

observed under a phase-contrast inverted microscope 

(Labomed) to identify morphological alterations (Capes-

Davis et al. 2021). 

2.8 Apoptotic Assays 

2.8.1 Acridine Orange/Ethidium Bromide (AO/EtBr) Staining 

Cells exposed to the IC₅₀ concentration of 

AgNPs were subsequently fixed and stained using an 

AO/EtBr (1:1) solution. Following incubation and 

washing with phosphate-buffered saline (PBS), the cells 

were observed under a fluorescence microscope 

(Olympus V1000) at 200× magnification to identify 

apoptotic changes (Ribble et al. 2005). 

2.8.2 DAPI Staining 

To assess nuclear fragmentation, the treated 

cells were stained with DAPI at a concentration of 1 

µg/mL following fixation. The cells were then incubated 

in the dark for 20 min and subsequently visualized using 

a fluorescence microscope (Olympus V1000) at 200× 

magnification (Kapuscinski, 1995). 

2.9 Statistical Analysis  

Data are expressed as mean ± SD and were 

analyzed using one-way ANOVA followed by Tukey’s 

post hoc test (GraphPad Prism); p < 0.05 was considered 

statistically significant. 

3. RESULTS AND DISCUSSION 

3.1 Phytochemical Analysis 

Phytochemical analysis of the aqueous leaf 

extract of B. diffusa revealed the presence of flavonoids, 

tannins, phenols, glycosides, and cardiac glycosides, 

while alkaloids, steroids, and saponins were absent 

(Table 1). These bioactive phytochemicals may 

contribute to the antioxidant and antimicrobial properties 

of the extract, with antioxidant activity potentially 

associated with flavonoids and phenolic –OH groups 

(Gautam et al. 2016; Palle et al. 2020). The absence of 

alkaloids, steroids, and saponins suggests that these 

phytochemical classes may not contribute significantly to 

the biological effects of the aqueous extract (Franjić et al. 

2004).  

Table 1. Preliminary phytochemical analysis of the 
aqueous leaf extract of B. diffusa 

Phytochemicals Aqueous extract 

Alkaloids - 

Flavonoids + 

Steroids - 

Tannins + 

Saponins - 

Phenols + 

Glycosides + 

Cardiac glycosides + 

Note: + indicates presence; - indicates absence 

3.2 Synthesis of Silver Nanoparticles 

The aqueous leaf extract of B. diffusa without 

AgNO₃ showed no visible change, whereas incubation 

with AgNO₃ resulted in a distinct yellow-to-brown 
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coloration, indicating the reduction of Ag⁺ ions by 

phytochemicals in the extract and the formation of 

AgNPs (Figs. 2a–b). This observation confirmed 

extracellular bioreduction and nanoparticle synthesis and 

is consistent with previous findings reporting similar 

time-dependent activity during the green synthesis of 

silver nanoparticles using B. diffusa leaf extract (Reena 

and Gayathri, 2024; Kanagavalli et al. 2016; 

Kumarasamy et al. 2026; Badi’ah et al. 2019; Lee et al. 

2007).  

 

Fig. 2: (a) Aqueous leaf extract and (b) synthesis of AgNPs 
from leaf extract incubated with AgNO3 solution 

3.3 UV–Vis Spectrum of AgNPs Synthesized 
Using B. diffusa Leaf Extract 

The UV–Vis spectrum of B. diffusa-synthesized 

AgNPs using leaf extract showed a distinct localized 

surface plasmon resonance (LSPR) band at 

approximately 420 nm, confirming the successful 

formation of Ag nanoparticles. A relatively broad peak 

indicates a distribution of particle sizes and possible 

polydispersity (Fig. 3). 

The behavior of biogenic AgNPs is strongly 

linked to the general process where phytochemicals 

facilitate the reduction that results in nanoparticle 

creation (Hussain et al. 2019; Sangappa et al. 2019; 

Venkataramana et al. 2018). Previous research has 

demonstrated that AgNPs synthesized from various 

natural extracts exhibit a similar absorption maximum 

range; differences between 400 and 470 nm represent 

substantial changes in nanoparticles. This peak 

broadening is attributed to the polydispersity and 

heterogeneity in nanoparticle size (Gupta et al. 2025; 

Mariano et al. 2018). Consequently, the current spectral 

findings confirm that B. diffusa leaf extract acts as both a 

reducing and stabilizing agent in forming AgNPs with 

optical properties akin to those observed in earlier studies 

(Arulraj et al. 2025; Kanagavalli et al. 2016). However, 

the broader LSPR band here indicates a wider size 

distribution compared to formulations with narrower 

peaks (Juvé et al. 2013).  

 

Fig. 3: UV–Vis spectrum of B. diffusa-synthesized AgNPs 

3.4 SEM and EDAX 

The SEM micrograph shows that the 

synthesized AgNPs are spherical to near-spherical 

and form a dense, clustered morphology (Fig. 4). The 

result of SEM analysis revealed that the biosynthesized 

silver nanoparticles were mainly spherical, with a few 

agglomerations. The measurement of particle diameters 

was performed using ImageJ software based on the SEM 

micrographs. The mean diameter of nanoparticles was 

10.47 ± 0.16 nm, with most particles falling between the 

sizes of 10.3 and 10.7 nm, indicating a narrow particle 

size distribution. Overall, the image suggests that the leaf 

extract acts as a capping/stabilizing agent, promoting 

relatively uniform nanoscale growth and preventing 

extensive nanoparticle aggregation. In the EDAX 

spectrum, the characteristic peaks for Ag are clearly 

visible between 2.98 and 3.35 keV (Table 2), and the 

same trend was reported by De Leersnyder et al. (2020). 

Additionally, a faint signal for potassium (K) is observed 

near ~3.3 keV, which is generally attributed to residual 

inorganic components from the plant extract or minor 

ions present during synthesis (Wang et al. 2013).     

 

Fig. 4: SEM micrograph of AgNPs synthesized using B. 
diffusa leaf extract 
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Table 2. EDAX spectral data of AgNPs synthesized using B. 
diffusa leaf extract 

Element 

Approximate 

Peak Energy 

(keV) 

X-ray 

Transition 
Observation 

Ag ~2.98 Ag Lα 

Major 

characteristic peak 

confirming 
elemental silver 

Ag ~3.15 Ag Lβ 
Characteristic 

silver peak 
Ag ~3.35 Ag Lγ Minor silver peak 

3.5 XRD of AgNPs Synthesized Using B. diffusa 
L. Leaf Extract 

The XRD pattern of AgNPs synthesized using 

B. diffusa leaf extract shows diffraction peaks indicating 

the formation of crystalline silver nanoparticles (Fig. 5). 

The pattern exhibits a series of characteristic reflections 

that correspond well to the face-centered cubic (FCC) 

structure of Ag (metallic Ag). The presence of distinct 

diffraction peaks confirmed that the AgNPs 

were crystalline rather than purely amorphous. The main 

peaks fall in the ~2θ region typical for Ag (FCC), 

indicating that the nanoparticles were primarily 

composed of elemental silver (Ag⁰). The peak 

broadening suggests a small crystallite 

size and/or microstrain, which is common 

for biosynthesized nanoparticles. The overall peak shape 

suggests a relatively high degree of 

nanocrystallinity with some degree of size distribution, 

which is typical of plant-extract-mediated synthesis. 

Furthermore, the observed peak positions fall within the 

characteristic range assigned to FCC silver, aligning with 

the widely documented lattice assignment of the 

biosynthesized AgNPs. 

The average crystallite size was found to be10–

12 nm, confirming the presence of well-crystalline FCC 

AgNPs mediated by B. diffusa. This finding indicates that 

biomolecules present in the leaf extract governed 

nucleation, crystal growth, and surface stabilization. 

These results are consistent with previous reports on 

AgNP synthesis mediated by plant components 

(Krishnamoorthy et al. 2017; Joy et al. 2025; Arulraj et 

al. 2025; Kumarasamy et al. 2026). 

 

Fig. 5: XRD pattern of B. diffusa-synthesized AgNPs 

3.6 FTIR of Aqueous Extract and AgNPs 
Synthesized Using B. diffusa Leaf Extract 

The FTIR spectra of the aqueous B. diffusa leaf 

extract (Fig. 6a) and biogenically synthesized AgNPs 

(Fig. 6b) showed distinct spectral variations following 

nanoparticle formation, suggesting the involvement of 

plant phytochemicals in the reduction and stabilization 

processes. The leaf extract showed the characteristic 

absorption bands (3412, 2345, 1648 and 618 cm⁻¹) 

corresponding to O–H/N–H stretching, aliphatic C–H 

stretching, carbonyl (C=O)/amide vibrations and metal-

ligand-associated vibrations, respectively (Table 3). Post 

AgNP synthesis, these bands shifted to 3390, 2347, 1644 

and 762 cm⁻¹, suggesting the involvement of 

phytochemicals in interacting with the AgNP surface 

(Table 3). 

The overall O–H/N–H stretching band was 

shifted from 3412 to 3390 cm⁻¹, indicating the 

involvement of hydroxyl and amino groups of phenolics 

and proteins in the electron transfer that occurred during 

the reduction of Ag⁺ ions. These functional groups are 

well known to donate electrons to Ag+ ions and form an 

adsorbed layer over the nanoparticle surface, preventing 

aggregation via steric and hydrogen-bond stabilization. 

The small downshift of the carbonyl/amide band from 

∼1648 to 1644 cm−1 indicates coordination between 

carbonyl oxygen atoms and surface silver atoms, further 

establishing flavonoids and proteins, as well as other 

oxygen-containing metabolites, as efficient capping 

agents. 

 

Fig. 6: FTIR spectra of (a) aqueous B. diffusa leaf extract 
and (b) AgNPs synthesized using B. diffusa leaf extract 
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Table 3. FTIR peak assignments of aqueous B. diffusa leaf 
extract and biosynthesized AgNPs 

Functional 

Group 

Leaf 

Extract 

(cm⁻¹) 

AgNPs 

(cm⁻¹) 

Role in AgNP 

Synthesis 

O–H/N–H 
stretching 

3412 3390 

Electron donation for 

Ag⁺ reduction and 

nanoparticle 
stabilization through 
hydrogen bonding 

C–H 
stretching 

2345 2347 

Indicates the presence 

of plant-derived 
organic constituents 

adsorbed on the 
nanoparticle surface 

C=O / 
Amide I 

stretching 
1648 1644 

Coordination with Ag 

atoms; reduction of 

Ag⁺ ions and surface 
capping 

Ag–O / 

Metal–

ligand 
vibrations 

618 762 

Evidence of Ag–

phytochemical 

interaction and 
nanoparticle 
stabilization 

The C–H stretching peak showed only a slight 

shift (2345–2347 cm⁻¹) and remained evident, indicating 

that organic constituents were retained on the AgNP 

surface after synthesis. In contrast, the pronounced 

alteration of the bands in the low-frequency region (618–

762 cm⁻¹) indicates the formation of Ag–O or Ag–ligand 

interactions, suggesting that phytochemicals were 

chemisorbed onto the nanoparticle surface through 

covalent interactions rather than physical adsorption. 

These shifts, while small for the principal 

functional groups, are substantial because they flag 

modifications of the chemical environment after particle 

formation. The absence of new functional groups and the 

retention of the main bands indicate that the 

phytochemicals were not chemically degraded during 

synthesis but remained attached to the AgNP surface as 

stabilizing ligands, despite their involvement in redox 

reactions (Kanagavalli et al. 2016; Kumarasamy et al. 

2026). Similar spectral changes in FTIR spectra have 

been widely reported for plant-mediated AgNP synthesis, 

with phenolic compounds, flavonoids, proteins, and other 

secondary metabolites acting simultaneously as reducing 

and capping agents, resulting in stable, bioconjugated 

nanoparticles with good biocompatibility (Aldawsari et 

al. 2026; Kodhaiyolii et al. 2019; Krishnamoorthy et al. 

2017; Gwala Dasi, 2025). 

3.7 Assessing in vitro Cytotoxicity of AgNPs on 
MCF-7 Cells 

The MTT results indicated a clear, 

concentration-dependent cytotoxic effect of B. diffusa-

synthesized AgNPs. Cell viability gradually declined 

with increasing nanoparticle concentration, showing 

comparatively higher survival at 12 and 25 µg/mL of 

92.30 ± 2.45% and 79.85 ± 2.76%, respectively and 

marked loss of viability at 50 and 100 µg/mL of 42.35 ± 

2.67% and 29.12 ± 2.414%, respectively (Fig. 7). This 

pattern suggests that the nanoparticles exert dose-

dependent antiproliferative activity, consistent with 

previous findings that AgNPs induce cytotoxicity via 

oxidative stress, mitochondrial dysfunction, and 

membrane damage. ANOVA followed by Tukey’s test 

showed significant differences in cell viability among the 

AgNP-treated groups (Fig. 7). 

In previous studies on plant-mediated AgNPs, 

Boerhavia-derived nanoparticles have shown potential 

benefits from phytochemicals that serve as both reducing 

and capping agents, as well as bioactive components that 

improve cellular uptake and toxicity (Gericke et al. 2024; 

Mustapha et al. 2022; Roy, 2021). The significant 

reduction in cell viability, with notably high cell death at 

increased doses, aligns with the existing findings that 

AgNPs generally exhibit stronger cytotoxicity, which is 

significantly enhanced by higher NP concentrations. This 

effect is often linked to factors such as particle size, 

surface charge, and the type of capping biomolecules 

(Durán et al. 2019; Kim and Ryu, 2013; Zhang et al. 

2019). The present study offers compelling evidence that 

B. diffusa-synthesized AgNPs are effective cytotoxic 

agents, comparable to some previously reported plant- 

and fungus-mediated synthesis methods for AgNPs. 

Nonetheless, further research is necessary to elucidate the 

mechanism, selectivity, and safe therapeutic windows of 

these nanoparticles in mammalian cells, as their 

anticancer mechanisms remain largely unknown. 

 

Fig. 7: Cytotoxic activity of B. diffusa-synthesized AgNPs. 
The IC₅₀ of AgNPs against MCF-7 cells was 36 µg/mL. Data 
are expressed as mean ± SD from two experiments. 

3.8 Cytomorphological Changes on MCF-7 Cells 

The phase-contrast images corroborated the 

MTT findings, showing that the MCF-7 control 

cells maintained normal morphology, surface 

attachment, and cell density. Conversely, AgNP-treated 

MCF-7 cells at IC50 displayed pronounced 

morphological damage, including reduced confluence, 
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cell rounding, and partial detachment (Figs. 8a–b). These 

changes suggest reduced cell viability and disrupted cell–

substrate interactions, consistent with nanoparticle-

induced cytotoxicity. 

 

Fig. 8: Phase-contrast images of (a) control cells and (b) 
AgNP-treated MCF-7 cells at the IC₅₀ concentration 

3.9 AO-ETBR/DAPI Staining for the Detection of 
Apoptosis 

AO–EtBr staining further validated the 

cytotoxic effect of B. diffusa-synthesized AgNPs on 

MCF-7 cells. In the control group, the cells 

predominantly showed green fluorescence, indicating 

intact membranes and viability. However, upon treatment 

at the IC50, the appearance of orange/red 

fluorescence (marked by arrows) suggests increased late 

apoptosis and/or loss of membrane integrity, consistent 

with membrane-damage–mediated cell death (Fig. 9). 

 

Fig. 9: Fluorescence microscopic images of AO-EtBr-
stained control MCF-7 cells (a) and AgNP-treated MCF-7 
cells at the IC₅₀ concentration (b). Control cells appear 
green, whereas apoptotic cells appear orange, as indicated 
by arrows 

DAPI staining results supported the cytotoxic 

effects of B. diffusa-synthesized AgNPs on MCF-7 cells. 

In the control group, the nuclei appeared 

predominantly smooth and intact (blue fluorescence), 

indicating normal chromatin organization and viability. 

In contrast, AgNP-treated cells at IC50 exhibited nuclear 

fragmentation and condensed/irregular nuclear 

bodies (indicated by arrows), which were characteristic 

of apoptosis (Fig. 10). 

 

Fig. 10: Fluorescence microscopic images of DAPI-stained 
(a) control cells and (b) AgNP-treated MCF-7 cells at the IC₅₀ 
concentration. Control cells exhibit intact nuclei, whereas 
apoptotic cells exhibit fragmented nuclei, as indicated by 
arrows. 

Membrane damage and oxidative stress in the 

presence of plant-mediated AgNPs can lead to organelle 

detachment, cytotoxicity, and gradual morphological 

changes (Tripathi et al. 2024). Phase-contrast 

microscopy showed a gradual progressive decline in 

normal cell morphology following treatment with AgNPs 

at the IC₅₀ concentration, including cell shrinkage, 

rounding, loss of adherence, and decreased cell density, 

indicating cytotoxic injury. Similarly, AO–EtBr dual 

staining showed a higher proportion of orange/red 

fluorescent cells compared with the control cells, 

suggesting loss of membrane integrity associated with 

apoptosis. DAPI staining further confirmed nuclear 

condensation and fragmentation or complete nuclear 

displacement, which are commonly accepted 

morphological features of apoptosis. 

Furthermore, IC₅₀-associated cell rounding and 

reduced proliferation have been reported in studies of 

AgNPs against MCF-7 cells, with mitochondrial 

dysfunction and apoptosis progression described as 

common pathways (Sangour et al. 2021; Ullah et al. 

2017). The morphological changes observed, together 

with the decrease in cell viability determined by the MTT 

assay, suggest that B. diffusa-synthesized AgNPs induce 

apoptotic cell death in a dose-dependent manner. These 

findings are consistent with previous reports showing 

that plant-mediated AgNPs induce apoptosis through 

ROS generation, mitochondrial dysfunction, oxidative 

stress, and DNA damage (Jabeen et al. 2021; Kim and 

Ryu, 2013; Soni and Gandhi, 2024). 

The staining pattern of AO–EtBr obtained in 

this study is similar to those observed for AgNP-treated 

MCF-7 cells at IC₅₀ concentrations, where viable cells 

exhibited green fluorescence, whereas apoptotic cells 

showed orange to red fluorescence due to membrane 

permeabilization (Durán et al. 2019; Zhang et al. 2019). 

Similarly, the chromatin condensation and nuclear 

fragmentation observed in DAPI-stained nuclei 

substantiate that the synthesized AgNPs induced an 

apoptotic response. The results also support the findings 
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of phase-contrast microscopy and the MTT assay, 

demonstrating the cytotoxicity of B. diffusa-derived 

AgNPs against MCF-7 cells (Ahmed et al. 2016; De 

Matteis et al. 2018; Takáč et al. 2023). 

While microscopic findings in this study 

strongly suggest apoptosis, the morphological evidence 

presented here is largely qualitative. Quantitative 

determination of the viable, early apoptotic, late 

apoptotic, and necrotic cell populations was not 

performed. Further studies with image-based 

quantification or computer-assisted fluorescence image 

analysis to determine the percentages of apoptotic and 

necrotic cells would provide stronger statistical support 

for the observed morphological changes. 

The combined results from phase-contrast 

microscopy, AO–EtBr staining, DAPI staining, and the 

MTT assay confirmed that B. diffusa-mediated AgNPs 

induced apoptosis-associated morphological changes in 

MCF-7 cells at the IC₅₀ concentration and provided 

strong support for their potential as plant-derived 

anticancer nanomaterials (Iravani, 2011; Jalilzadeh et al. 

2025). 

4. CONCLUSION 

In this study, the leaf extract of Boerhavia 

diffusa L. was employed as a reducing and capping agent 

for the synthesis of spherical and crystalline silver 

nanoparticles stabilized by plant-derived 

phytochemicals. The biosynthesized AgNPs exhibited 

concentration-dependent cytotoxicity against MCF-7 

breast cancer cells and induced characteristic apoptotic 

morphological and nuclear alterations. These findings 

suggest that B. diffusa-mediated AgNPs have potential as 

an in vitro anticancer agent. However, further studies 

involving toxicity assessment in normal cell lines, 

mechanistic investigations of apoptosis, in vivo 

evaluation, and long-term nanoparticle stability are 

required to establish their safety, efficacy, and potential 

biomedical applications. 
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