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Biosynthesis of silver and gold nanoparticles using
Annona squamosa seed extract: Insights into
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Abstract. This study reports on the green synthesis of silver
nanoparticles (AgNPs) and gold nanoparticles (AuNPs) using
Annona squamosa seed extract and the evaluation of their anti-
bacterial and anticancer activities. The synthesized NPs were
characterized by UV-Vis spectroscopy, transmission electron
microscopy, particle size and size distribution analysis, X-ray
diffraction, Fourier-Transform Infrared Spectroscopy and
Inductively Coupled Plasma-Optical Emission Spectrometry.
Characterization results confirmed the successful synthesis of
spherical, crystalline NPs with mean hydrodynamic diameters
of AgNPs and AuNPs determined as 40.60 and 72.65 nm,
respectively. Antibacterial activity was assessed against
Staphylococcus aureus and Escherichia coli, while anticancer
activity was evaluated using MCF-7 breast cancer cells and
293 cells. AgNPs exhibited significant antibacterial activity
against both bacterial species, showing bacteriostatic activity
against S. aureus and bactericidal activity against E. coli. By
contrast, AuNPs showed no detectable antibacterial effect.
AgNPs also demonstrated selective anticancer activity, inhib-
iting MCF-7 cell proliferation in a dose- and time-dependent
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manner with ICs, values of 106.704 and 79.519 ug/ml after 48
and 72 h of treatment, respectively, while exhibiting minimal
toxicity toward 293 cells. Furthermore, AgNPs modulated
the expression of several cancer-related genes, suppressed
oncogenic markers and induced apoptosis through activa-
tion of p53-associated pathways, as evidenced by increased
apoptotic cell populations and an elevated BAX/BCL2 ratio.
Conversely, AuNPs displayed limited biological activity under
the tested conditions. These findings highlight the potential of
A. squamosa-mediated AgNPs as promising antibacterial and
selective anticancer agents for future biomedical applications.

Introduction

The emerging field of bionanotechnology-where nanotech-
nology meets biotechnology-offers exciting new possibilities
for various applications (1). Recent advances have driven
major breakthroughs across different technological domains.
In particular, nanoparticles (NPs)-tiny engineered materials
between 1-100 nanometers in size-have captured researchers'
attention due to their unique properties (2-4). Metal NPs espe-
cially stand out because they are highly stable, easy to modify
chemically and effective at enhancing permeability (5).

The demand for NPs is rapidly increasing across various
sectors due to their versatile applications (6). These applica-
tions span multiple industries, including biomedical fields,
energy sectors and chemistry (7,8). Silver (Ag) and gold (Au)
NPs are particularly promising for biomedical uses. AuNPs,
for example, help detect and kill cancer cells. They can effec-
tively heat and destroy cancer cells after being absorbed, even
triggering cell death in lymphocytic leukemia (9,10). Studies
have also shown that AuNPs derived from Suaeda monoica
and Nerium oleander leaves extract have powerful antioxidant
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effects (11,12). AgNPs are similarly versatile-they're used
in everything from biological labeling to antibacterial treat-
ments, sensors, electrodes and integrated circuits. They've
proven especially effective against various disease-causing
pathogens (13).

AgNPs and AuNPs can be synthesized using chemical,
physical and biological methods (14,15). Successful NP
synthesis relies on selecting eco-friendly solvents, efficient
reducing agents and non-toxic stabilizing materials. Among
the various synthesis techniques, physical, chemical and
biosynthetic methods are commonly used. While traditional
chemical approaches work, they often involve harsh chemicals
and can be costly (16). By contrast, biosynthetic methods using
plants and microorganisms offer a gentler approach that's
especially valuable for medical applications (17-19). Plants
are particularly useful in this process because they contain
natural compounds such as flavonoids and saponins that can
both reduce metal salts and stabilize the resulting NPs (20).
This green approach is gaining popularity because it's
cost-effective, environmentally friendly and produces stable,
high-quality NPs without harmful contamination (13,21).

The Annona squamosa (A. squamosa) plant, commonly
known as custard apple, has proven particularly valuable in
this field. Several studies have utilized different parts of the
A. squamosa plant, including leaves (22-24), seeds (25-27),
fruits (23,28) and peel extract (29) for the biosynthesis of AgNPs
and AuNPs, and have examined their antibacterial, anticancer,
antioxidant, anti-arthritic and larvicidal activities (28-30). Of
note, while numerous parts of the plant have been studied, to the
best of our knowledge, no one has yet explored using the seeds to
make AuNPs or tested seed-derived AgNPs against cancer and
non-cancerous cells. The present study fills this gap by creating
both silver and gold nanoparticles from A. squamosa seeds and
testing their effectiveness against bacteria, breast cancer cells
(MCF-7) and normal/non-carcinogenic cells (293 cells).

Materials and methods

Synthesis of AgNPs. A. squamosa seed extract was procured
from Anhui Minmetals Development Ltd. To prepare the
A. squamosa seed extract solution, 0.3 g of the powder was
dissolved in 100 ml of ddH,0O. For synthesizing AgNPs, 33 ml
of A. squamosa seeds extract solution was added with 33 ml
of a 0.1 M of silver nitrate (AgNO,). The pH of the mixture
was adjusted to 7.0 and the mixture was heated at 60°C for
5 min and incubated under the exclusion of light for 24 h.
The successful formation of of AgNPs was marked by a color
change from light to dark brown.

Synthesis of AuNPs. AuNP synthesis begins with making a
gold ion solution by mixing 100 mg of HAuCl, (Smart Lab,
Indonesia) in 100 ml of ddH,O. To produce AuNPs, 100 ml of
HAuClI, solution was combined with 100 ml of A. squamosa
seed extract solution. The mixture was then incubated under
the exclusion of light for 24 h. The appearance of AuNPs was
marked by a color change from light brown to purple.

Characterization of AgNPs and AuNPs. The synthesis of
AgNPs and AuNPs was independently repeated at least three
times to assess reproducibility. The consistency and formation

of the NPs were confirmed by UV-vis spectrophotometry
and particle size analysis (PSA). The presence of AgNPs and
AuNPs was initially verified based on their characteristic
surface plasmon resonance absorption bands. Functional
groups associated with the biomolecules responsible for the
reduction and stabilization processes were analyzed using a
Spectrum 100 FT-IR spectrometer (PerkinElmer, Inc.) within
the wavenumber range of 4,000-400/cm. Furthermore, PSA
was employed to determine the hydrodynamic size distribution
of the NPs in the liquid phase. This method was commenced
with an analysis of refractive index and viscosity in the test
samples and was crucial for understanding NP properties
such as chemical receptivity, stability and biocompatibility.
Subsequently, 2 ml of sample was introduced into a PSA anal-
ysis cuvette, where a laser beam was emitted into the sample
and the intensity of the reflected light was measured to ascer-
tain particle size and distribution (30). Additionally, NP size
distribution was measured using a ViewSizer 3000 NP Size
Analyzer (Horiba Scientific). Measurements were performed
using blue (B, 445 nm), green (G, 520 nm) and red (R, 635 nm)
lasers with pulse durations of 15 msec for each channel (B/G/R:
15/15/15 msec). Transmission electron microscopy (TEM) was
used for morphology analysis of the NPs (FEI Tecnai G2 F20
X-TWIN; Thermo Fisher Scientific, Inc.). A small aliquot of
NPs was deposited onto a copper grid, allowed to dry at room
temperature and subsequently analyzed by TEM. TEM images
were obtained from the electron beam transmitted through the
thin NP sample. The crystalline properties of the biosynthe-
sized NPs were characterized using a PANalytical Empyrean
X-ray Diffractometer (EA Almelo). Before X-ray diffraction
(XRD) analysis, the NPs were freeze-dried with a Lyovapor
L-200 (Buchi) at temperatures between -55 and -57°C under a
pressure of 2 mbar for 24-48 h. The freeze-dried samples were
then subjected to XRD analysis using Cu Ka radiation, with
diffraction data collected over a 20 range of 5°-80°.

Metal content evaluation of AgNPs. The Ag content of the
NPs was quantified using an Agilent 5100 Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES; Agilent
Technologies, Inc.). Prior to analysis, the AgNPs samples were
digested in an acidic medium prepared from ultrapure water
containing 12% (v/v) hydrochloric acid (37%) and 4% (v/v)
nitric acid (65%). The digestion process was carried out at
95+2°C for 2 h, after which the solution volume was brought to
50 ml using the same acid mixture. The concentration of Ag in
the NPs was determined according to the following equation
according to the 2018 study by Shahid et al (31):

Content (ug/g) = %x v,

where Cs represents the Ag concentration measured in
the digested solution by ICP-OES (Agilent 5100; Agilent
Technologies, Inc.), W is the final volume of the digestion
solution (ml) and V denotes the mass of the dried sample used
for analysis (0.025 g).

Sterility evaluation of NPs. Sterile blank discs injected with
20 ul of AgNPs and AuNPs at a concentration of 100 mg/ml
were placed onto sterile Mueller-Hinton Agar (MHA) plates
media (Sisco Research Laboratories). Sterile blank discs
injected with 20 pl of S. aureus and E. coli culture (108 CFU/ml)
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were used as a positive control, while sterile nuclease-free
water (Promega Corp.) served as a negative control. The plates
were then incubated for 24 h at 37°C, after which bacterial
growth was observed.

Inoculum preparation of S. aureus and E. coli. S. aureus
[American Type Culture Collection (ATCC) 25923] and
E. coli (ATCC 25922) were obtained from the Applied
Microbiology Laboratory at the University-CoE Research
Center for Biomolecule Engineering, Universitas Airlangga.
To prepare an overnight culture, a single colony of each
strain was inoculated into Mueller-Hinton Broth (MHB)
(Sisco Research Laboratories) and incubated at 37°C while
shaking at 150 rpm for 24 h. Following this incubation,
60 ul of each overnight culture was transferred into 3 ml of
sterile MHB and cultured at 37°C while shaking at 150 rpm
until the optical density (OD) at 600 nm (ODy,) reached
0.1. The OD was measured using a NanoPhotometer NP80
(Implen GmbH) (32).

Antibacterial evaluation of AgNPs and AuNPs. A modified
method based on the Clinical and Laboratory Standards
Institute document M02-ed14 (32) was used to assess the
antibacterial activity of the A. squamosa seeds extract, AuNPs
and AgNPs. Each assay was performed in triplicate. Using
a cotton swab, 100 ul of cultured test bacteria were spread
onto MHA plates. A total of 20 ul of an antibiotic or NPs at
different concentrations were applied to sterile blank discs,
which were then placed on the agar media inoculated with the
test microbes. Gentamicin (40 mg/ml) was used as a positive
control. A caliper was used to measure the clear zone resulting
from the inhibition of microbial growth.

The minimum inhibitory concentration (MIC) test was
conducted in triplicate by adding different concentrations of the
AgNPs from 50 to 0.098 mg/ml to MHB media inoculated with
10° colony-forming units/ml E. coli or S. aureus in a 96-well
microplate. The OD at 600 nm was measured using a microplate
reader before and after incubation at 37°C for 24 h. The MIC or
the lowest concentration of the AgNPs that prevents bacterial
growth is observed when there is no increase in ODg,, value
after 24 h of incubation. Meanwhile, the minimum bactericidal
concentration (MBC) was determined by spreading 100 ul of
bacterial culture treated by AgNPs at the MIC concentration
and two concentrations above it onto MHA plates. The MBC
is the lowest concentration that inhibits any bacterial growth on
the MHA plates.

Cell proliferation analysis and half-maximal inhibitory
concentration (ICs,) determination. To evaluate the anticancer
activity and selective cytotoxicity of the NPs, an MTT assay
was performed. Human breast adenocarcinoma cells (MCF-7)
[American Type Culture Collection (ATCC)] and 293 cells
(ATCC) were cultured in Dulbecco's modified Eagle's medium
(cat. no. D6429; Sigma-Aldrich; Merck KGaA) supple-
mented with 10% fetal bovine serum (FBS) (cat. no. F2442;
Sigma-Aldrich; Merck KGaA) and 1% penicillin-streptomycin.
293 cells were used as a non-malignant control cell line because
they are of human origin, exhibit stable growth characteristics
and are widely employed in cytotoxicity studies to evaluate
the selectivity and safety of anticancer agents (33). Cells were
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maintained at 37°C in a humidified incubator containing 5%
CO,. For the cytotoxicity assay, cells were seeded into 96-well
plates at a density of 5x103 cells per well in 100 ul of complete
medium and allowed to attach for 24 h. The culture medium
was subsequently replaced with fresh medium containing
NFW (control), doxorubicin (10 ug/ml; positive control),
AgNO;, AgNPs or AuNPs at concentrations of 12.5, 25, 50,
100 and 200 pg/ml. Cells were incubated with the treatments
for 24, 48 and/or 72 h. Following the treatment period, 10 pl
of MTT solution (5 mg/ml in PBS) was added to each well
and incubated for 4 h at 37°C. The resulting formazan crystals
were dissolved by adding 100 ul of DMSO (Merck KGaA),
followed by incubation in the dark until complete dissolution
of the crystals. The absorbance was measured at 570 nm using
a microplate reader.

The IC;, values were determined by plotting the percentage
of cell viability against the logarithm of the NP concentra-
tion and fitting the data using nonlinear regression analysis
(four-parameter logistic model) in GraphPad Prism 10 software
(Dotmatics). The ICs, value was defined as the concentra-
tion required to reduce cell viability by 50% compared with
the untreated control. All experiments were performed in
triplicate.

Cell cycle and DNA content analysis. Cellular DNA content
was assessed by staining with 4',6-diamidino-2-phenylindole
(DAPI). In brief, cells were fixed in 4% paraformaldehyde
and incubated with 1 gg/ml DAPI C001 (ABP Biosciences)
for 20 min at room temperature in the dark. After staining,
cells were washed three times with PBS and subjected to cell
cycle analysis. Images were acquired using a Cell-Insight CX7
Pro High Content Screening (HCS) System (version 393216;
Thermo Fisher Scientific, Inc.) with the assay parameters set
to ‘CellCycle.V4’, an autofocus interval of 2, a PRIMEBSI 1.53
camera and a x20 objective lens. Image processing and cell
cycle quantification were conducted using Thermo Scientific
HCS Studio 5.0 Cell Analysis Software (Thermo Fisher
Scientific, Inc.). Cell cycle phases were determined based on
DNA content, where cells containing 2N DNA were classified
as GI phase, those with DNA content between 2N and 4N as
S phase, and those with 4N DNA as G2/M phase.

RNA isolation and gene expression analysis. MCF-7 cells were
cultured in 6-well plates and divided into three groups for a
48-h treatment period: A control group, a doxorubicin-treated
group (10 pg/ml) and an AgNPs-treated group (100 pg/ml),
with each group prepared in triplicate. The concentrations of
AgNPs were determined close to the ICy, value. The RNA was
extracted using the Total RNA Mini Kit (cat. no. RTD050;
Geneaid). The cDNA was synthesized with ReverTra Ace
gPCR RT Master Mix (cat. no. FSQ-201; Toyobo) according
to the manufacturer's protocol, with 50 ng RNA contained
in each sample. Quantitative PCR (qPCR) analysis was
performed using Thunderbird Next SYBR qPCR Mix (cat.
no. QPX-201; Toyobo) containing Tris (hydroxymethyl)amino-
methane, magnesium sulfate, deoxyadenosine triphosphate,
deoxycytidine triphosphate, deoxyguanosine triphosphate,
deoxythymidine triphosphate, SYBR® Green I and DNA
polymerase. Each qPCR reaction mixture consisted of 10 ul
of THUNDERBIRD™ Next SYBR® qPCR Mix, 6 pmol each
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Table I. Primer sequences for quantitative PCR analysis.

Genes Primer sequence
MYcC F, 5-GGAGGAACAAGAAGATGAGG-3'

R, 5-GTAGTTGTGCTGATGTGTGG-3'
CCNDI F,5'-AACTACCTGGACCGCTTCCT-3'

R, 5-CCACTTGAGCTTGTTCACCA-3'
HER2 F, 5'-CCGAGGGCCGGTATACATTC-3'

R, 5-GCTTGCTGCACTTCTCACAC-3'
PTGS2 (encodes COX2) F, 5'-CCGGGTACAATCGCACTTAT-3'

R, 5-GGCGCTCAGCCATACAG-3'
CTNND1 F, 5'-TCTGCCATAGCTGACCTCCT-3'

R, 5-GGAGTTCTGCTGTCCTCCTG-3'
TP53 F,5-TGC GTG TTT GTG CCT GTC CT-3'

R, 5-GTG CTC GCTTAGTGCTCCCT-3'
BBC3 (encodes PUMA) F 5'-GACCTCAACGCACAGTACGAG-3'

R, 5-AGGAGTCCCATGATGAGATTGT-3'
BAX F,5-TCTGACGGCAACTTCAACTG-3'

R, 5-TTGAGGAGTCTCACCCAACC-3'
BCL2 F, 5'-CAGCATGCGGCCTCTGTT-3'

R, 5'-GGGCCAAACTGAGCAGAGTCT-3'
ACTB F,5'-CCACACTGTGCCCATCTACG-3'

R, 5'-AGGATCTTCATGAGGTAGTCAGTCAG-3'
GAPDH F, 5'-GTCAGTGGTGGACCTGACCT-3'

R, 5-AGGGGTCTACATGGCAACTG-3'

F, forward; R, reverse; MYC, c-Myc; CCNDI, cyclin D1; HER-2, human epidermal growth factor receptor-2; PTGS2, prostaglandin-endoper-
oxide synthase 2; COX-2, cyclooxygenase-2; CTNNDI, catenin delta-1; T7P53, tumor protein P53; BAX, BCL2 associated X; BBC3/PUMA,
BCL2 binding component 3; BCL2, B-cell lymphoma 2; ACTB, actin-f; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

of forward and reverse primers, 4 ng of cDNA template and
nuclease-free water added to a final volume of 20 ul. The gPCR
was performed with MyGo Pro Real-Time PCR System (IT-IS
Life Science Ltd.) under the following cycling conditions:
Predenaturation at 95°C for 60 sec, followed by 40 cycles of
denaturation at 95°C for 5 sec and annealing/extension at 60°C
for 30 sec. The threshold value was determined automatically
using MyGo Pro PCR Software version 3.5 (IT-IS Life Science
Ltd.). Forward and reverse primers for c-Myc (MYC), cyclin D1
(CCNDI), human epidermal growth factor receptor-2 (HER-2),
cyclooxygenase-2 (COX-2), catenin delta-1 (CTNNDI), tumor
protein P53 (TP53), BCL2 associated X (BAX), BCL2 binding
component 3 (BBC3/PUMA), BCL2, actin-b and GAPDH
were referenced from previous studies (34-38). The primer
sequences for the genes analyzed in this study are provided
in Table I. Gene expression analysis was performed using the
relative quantification method and the reliability of the qPCR
results was verified through melting curve analysis. The fold
change in mRNA expression was calculated using the AACq
formula: 2-AACq:2-[(quargel-queference) sample-(Cqtarget-Cqreference) calibrator]’
where Cq,eperence Fefers to the housekeeping gene and calibrator
indicates the control sample (39).

Flow cytometric analysis of apoptosis using Annexin
V-FITC staining. Apoptosis analysis was performed on
MCEF-7 breast cancer cells using the Annexin V-FITC

staining method followed by flow cytometric analysis. In
brief, MCF-7 cells treated with AgNPs (100 ug/ml) and
untreated control cells were harvested after the designated
incubation period. Culture media containing floating
cells were first collected into centrifuge tubes to preserve
non-adherent apoptotic cells. The remaining adherent
cells were washed with PBS and detached using TrypLE™
Express (cat. no. 12604013; Gibco; Thermo Fisher
Scientific, Inc.). The enzymatic reaction was neutralized by
adding complete culture medium supplemented with FBS.
The collected cell suspension was centrifuged at 447 x g
for 5 min at 4°C and the resulting cell pellet was washed
twice with cold PBS. Subsequently, the cell pellet was
resuspended in 100 ul of 1X Annexin V Binding Buffer to
obtain a final cell concentration of 1x10°-1x10° cells/ml.
A total of 5 ul of Annexin V-FITC reagent was added to
each sample, followed by gentle mixing and incubation for
15 min at room temperature (20-25°C) in the dark. After
incubation, 400 ul of 1X Annexin V Binding Buffer was
added to each sample and the stained cells were transferred
into fluorescence-assisted cell sorting tubes for analysis.
Samples were analyzed immediately using a flow cytometer.
The distribution of viable, early apoptotic, late apoptotic and
necrotic cells was determined based on quadrant analysis of
the resulting dot plots, which were generated according to
Annexin V fluorescence intensity.
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Figure 1. Synthesis of NPs using A. squamosa seeds extract and their characterization. (A) The observed color changes during the synthesis of AgNPs.
(B) UV-Vis spectrophotometric analysis of the synthesized AgNPs. (C) TEM visualization of AgNPs synthesized using A. squamosa seed extract showing
predominantly spherical NPs with crystalline lattice fringes (scale bars, 20 and 5 nm). (D) The color changes observed during the synthesis of AuNPs.
(E) UV-Vis spectroscopic analysis of the synthesized AuNPs. (F) TEM visualization of AuNPs synthesized using A. squamosa seed extract exhibiting
spherical to quasi-spherical morphology and highly ordered crystalline structures (scale bars, 20 and 5 nm). AgNPs, silver nanoparticles; Au, gold; TEM,

transmission electron microscopy; A. squamosa, Annona squamosa.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism version 10 (Dotmatics). Data are presented
as the mean + standard deviation (SD) from three independent
experiments (n=3), unless otherwise stated. Prior to hypothesis
testing, data normality was assessed using the Shapiro-Wilk
test. For cell viability assays, DNA content analysis, nuclear
morphometric measurements and relative gene expres-
sion analyses, statistical differences among groups were
determined using one-way ANOVA, followed by Dunnett's
multiple-comparisons test. Apoptosis levels between the
untreated control and AgNP-treated groups were compared
using an unpaired two-tailed Student's t-test. Gene expression
data associated with apoptosis-related genes were analyzed
using two-way ANOVA followed by Tukey's multiple-compar-
isons test. Differences were considered statistically significant
at P<0.05.

Results

Synthesis and characterization of AgNPs and AuNPs. In the
present study, a noticeable color transition from light brown to
dark brown was observed (Fig. 1A), and a prominent plasmon
resonance peak in the 410-420 nm range was detected,
confirming the formation of AgNPs (the A. squamosa seeds
extract itself did not exhibit any peaks in the 300-600 nm
range) (Fig. 1B). This indicates that A. squamosa seeds
extract is a highly effective reducing agent for converting
silver ions to silver. For AuNPs, the successful synthesis was
visually confirmed by a distinct purple color observed after
A. squamosa seeds extract solution was mixed with HAuCl,
solution (Fig. 1D). The plant extract efficiently reduced Au3+

ions to Au0. The UV-Vis spectroscopy analysis of the resulting
colloidal solutions (Fig. 1E) revealed absorption peaks in the
520-540 nm range, consistent with the surface plasmon reso-
nance of AuNPs, typically around 520 nm. This resonance
is influenced by the size of the NPs, affirming the successful
synthesis of AuNPs (30).

To further investigate the size, shape and crystal struc-
ture of the NPs, TEM and PSA analyses were employed.
TEM images revealed distinct morphological characteristics
of the AgNPs and AuNPs. The AgNPs (Fig. 1C) exhibited
predominantly spherical morphology with moderate polydis-
persity and occasional particle aggregation. High-resolution
(HR)TEM imaging showed well-defined lattice fringes,
confirming the crystalline nature of the NPs. By contrast,
the AuNPs (Fig. 1F) appeared more uniform in shape and
size, displaying predominantly spherical to quasi-spherical
morphologies. The HRTEM image of AuNPs revealed
pronounced lattice fringes with a characteristic radial pattern,
indicating high crystallinity and ordered atomic arrange-
ments. According to the PSA analysis, the average diameter
of AgNPs was 14.05 nm, with sizes ranging from 6 to 25 nm,
while AuNPs had an average size of 14.92 nm, ranging from
3.67 to 44.89 nm (Fig. 2A and D). Meanwhile, measurements
performed using a ViewSizer 3000 NP Size Analyzer; the
mean hydrodynamic diameters of the AgNPs and AuNPs
were 40.60+34 and 72.65+46 nm, respectively. For AgNPs,
the D10, D50 and D90 values were 22.0, 29.5 and 70.76 nm,
respectively, indicating that 10, 50 and 90% of the particles
had diameters below these values. However, the D10, D50
and D90 values of AuNPs were 26.7, 61.2 and 132.6 nm,
respectively (Fig. 2B and E). X-ray diffraction analysis of
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Figure 2. Size distribution XRD patterns confirm the crystalline structures of the NPs. (A) PSA result of AgNPs. (B) NP size analysis of AgNPs using
ViewSizer 3000. (C) XRD patterns of AgNPs. (D) PSA result analysis of AuNPs (E). NP size analysis of AuNPs using ViewSizer 3000. (F) XRD patterns
of AuNPs. (G) The fourier transform infrared (FT-IR) spectra of A. squamosa seed extract, AgNPs and AuNPs. AgNPs, silver nanoparticles; AuNPs, gold
nanoparticles; a.u., absorption units; XRD, X-ray diffraction; PSA, particle size analyzer; PDI, polydispersity index.

the synthesized AgNPs showed broad peaks at 38.29, 45.41,
64.40 and 77.54°, corresponding to the 111, 200, 220 and 311
planes, indicating a face-centered cubic structure. Similarly,
the XRD patterns of the biologically synthesized AuNPs
revealed sharp peaks at 38.20, 43.73, 64.77 and 77.72°, which
align with the 111, 200, 220 and 311 planes, confirming their
face-centered cubic crystalline structure (Fig. 2C and F).

As shown in Fig. 2G, the synthesized AgNPs and AuNPs
had similar peaks to A. squamosa seed extract, indicating that
A. squamosa seed extract contributed to the reduction of Ag
and Au ions. A broad peak was present at ~3,272/cm that comes
from OH stretching, and a smaller peak at 2,923/cm from
aliphatic CH. The peaks at 1,010/cm and 1,147/cm confirm the
presence of secondary OH groups. These functional groups
interact with the silver and gold to form a protective layer
around the NPs, which keeps them from clumping together.
Previous studies have shown that hydroxyl and phenolic groups

tend to bind strongly to noble metals through polar and coor-
dinating interactions (40). The increase in peak intensity and
slight shifts in wavelength observed in the NPs spectrum, for
example at 3,272, 1,147 and 1,010/cm, probably occur because
the seed extract is coordinating with the metals (41). Of note,
the AgNPs show a unique strong peak at 1,318/cm that comes
from C-O aromatic ester stretching and OH bending, which
was not present in A. squamosa seeds extract or AuNPs.

Metal content of AgNPs. ICP-OES analysis revealed that the
synthesized AgNPs contained 6.60 ug/g Ag, confirming the
presence of Ag in the NP preparation.

Sterility evaluation of NPs. The sterility evaluation of AgNPs
demonstrated that AgNPs were sterile, as evidenced by the
absence of bacterial growth following inoculation onto MHA
medium (Fig. 3A; Table II).
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S. aureus

AuNPs

Figure 3. Sterility and antibacterial activity of the NPs. (A) Sterility test of AgNPs. (B) The antibacterial activity of AgNPs and AuNPs against S. aureus and
E. coli at concentrations of 10, 25, 50 and 100 mg/ml, with a 24-h incubation period (scale bars, 6 mm). CTL, control; SQ, A. squamosa seed extract; AgNPs,

silver nanoparticles; AuNPs, gold nanoparticles.

Table II. Sterility test of AgNPs.

Sample Bacterial growth

AgNPs -
S. aureus culture

E. coli culture

Sterile nuclease free water

+ o+ +

AgNPs, silver nanoparticles; +, bacterial growth observed; -, bacte-
rial growth not observed.

Antibacterial potency of AgNPs and AuNPs. To investigate
the antibacterial activity of AgNPs and AuNPs, disk diffusion
assays were performed against E. coli and S. aureus. Growth
inhibition was observed on plates with 100, 50, 25 and 10%
concentrations of 100 mg/ml AgNPs, but not with AuNPs or
A. squamosa seeds extract (control) after 24 h of incubation.
Table III and Fig. 3B reveal that E. coli had a smaller zone of
inhibition compared to S. aureus. The bacterial growth inhibi-
tion around the wells was attributed to the diffusion of AgNPs
to the MHA plates.

Furthermore, the MIC and MBC values of AgNPs were
determined (Table IV). The MIC and MBC are important
metrics in antimicrobial evaluation, indicating an agent's
capacity to inhibit microbial proliferation and eradicate patho-
gens, respectively. By definition, the MIC represents the lowest
concentration of an antimicrobial agent that prevents visible
microbial growth, whereas the MBC is the lowest concentration

required to kill 99.9% of the microbial population (42). The
correlation between these values reveals the agent's mode
of action: An MBC value close to the MIC suggests bacte-
ricidal activity, whereas a substantially higher MBC denotes
a bacteriostatic effect (43). As presented in Table IV, the
AgNPs exhibited antibacterial activity against both tested
microorganisms. The MIC values were 0.781 mg/ml for
Staphylococcus aureus and 3.125 mg/ml for Escherichia coli.
The MBC values for both bacteria were 3.125 mg/ml. The
lower MIC value observed for S. aureus indicates that AgNP
was more effective against this Gram-positive bacterium than
against E. coli, as a lower concentration was required to inhibit
bacterial growth. Furthermore, the identical MBC values
suggest that a concentration of 3.125 mg/ml was required to
achieve bactericidal activity against both bacterial species.
The AgNPs exhibited bacteriostatic activity against S. aureus
and bactericidal activity against E. coli, as evidenced by the
relationship between their MIC and MBC values. In S. aureus,
the MBC was 4x higher than the MIC, whereas in E. coli, the
MIC and MBC were identical, indicating that the inhibitory
concentration was also sufficient to exert a bactericidal effect.

Effect of AgNPs, AuNPs and AgNO; on the viability of MCF-7
and 293 cells. To evaluate the anticancer activity and selec-
tive cytotoxicity of the biosynthesized NPs, an MTT assay
was performed on the breast cancer cell line MCF-7 and the
non-carcinogenic 293 cells. Treatment with A. squamosa
extract alone (100 pg/ml) showed limited cytotoxic activity
against MCF-7 cells at 24 h, with the cell viability remaining
comparable to the control group (>90%). However, prolonged
exposure significantly reduced the cell viability to ~55% at
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Table III. Results of disc diffusion test of AgNPs and AuNPs.

Inhibition zone diameter, mm

Organism Concentration (mg/ml) AgNP AuNP
Staphylococcus aureus 10 9.91+0.29 0.0
25 11.57+0.68 0.0
50 11.89+0.37 0.0
100 13.63+£2.86 0.0
+ (Gentamycin) 34.43+3.40 36.45+0.42
- (sterile ddH,0) 00 00
A. squamosa seeds extract all concentrations 0.0 0.0
Escherichia coli 10 8.41+0.91 0.0
25 7.89+0.37 0.0
50 8.28+1.10 0.0
100 8.53+1.03 0.0
+ (Gentamycin) 18.09+0 .43 19.67+0.60
- (sterile ddH,0) 00 00
A. squamosa seeds extract all concentrations 0.0 0.0

AgNPs, silver nanoparticles; Au, gold.

Table IV. MIC and the MBC values of AgNPs.

MIC value MBC value
Tested bacteria (mg/ml) (mg/ml)
Staphylococcus aureus 0.781 3.125
Escherichia coli 3.125 3.125
MIC, minimum inhibitory concentration; MBC, minimum

bactericidal concentration; AgNPs, silver nanoparticles.

both 48 and 72 h (P<0.0001), indicating a time-dependent
antiproliferative effect (Fig. 4A). By contrast, AuNPs only
reduced the cell viability after 24 h at 100 and 200 pg/ml. By
48 and 72 h, there was no significant difference in cell viability
between the AuNP-treated cells and the control (Fig. 4B).

Treatment with AgNO; produced strong cytotoxic effects
on MCF-7 cells, reducing cell viability to ~40-45% across
all tested concentrations after 24 h of treatment (P<0.0001)
(Fig. 4C). Among all tested treatments, AgNPs demonstrated
the greatest anticancer activity against MCF-7 cells. At 24 h,
AgNPs reduced cell viability in a concentration-dependent
manner, with higher concentrations decreasing viability to
~55-60% (P<0.0001). The cytotoxic effect became more
pronounced after 48 h, where the highest concentration
reduced viability to ~25-30% (P<0.0001). Similar effects were
maintained at 72 h, indicating sustained growth inhibition and
enhanced anticancer activity compared with SQ and AuNPs
alone (Fig. 4D).

To assess selectivity, the effects of AgNO; and AgNPs
were also evaluated in 293 cells. AgNO; markedly reduced
293 cell viability, decreasing the proportion of viable cells

to ~30-40% at all tested concentrations (Fig. 4E), suggesting
considerable toxicity toward normal cells. By contrast,
AgNPs displayed substantially lower toxicity toward 293
cells, maintaining cell viability above 70-98% across most
concentrations and time-points (Fig. 4F). Although a slight
decline in viability was observed at higher concentrations,
the reduction was significantly less severe than that observed
in MCF-7 cells.

The MTT assay results showed that while the AuNPs
weren't toxic to the cells, the AgNPs had a clear effect, and
accordingly, the study further focused on measuring their ICy,
value. The IC;;s of the AgNPs were assessed through a detailed
analysis involving five doses and three incubation periods. As
shown in Fig. 5, it was found that even high doses of AgNPs
did not kill enough cells to determine the ICs, after 24 h-it
was >200 pg/ml. However, at 48 and 72 h, the AgNPs were
much more effective, as evidenced by the significant reduc-
tion of cell viability. The ICs, values were determined to be
106.7 pg/ml at 48 h and 79.5 ug/ml at 72 h. These results show
that the AgNPs have the potential to stop cancer cells from
growing, suggesting they could be useful in cancer treatments.

Effect of AgNPs on the cell cycle phase and expression of
several oncogenes. To investigate the possible molecular
targets of AgNPs in the MCF-7 cell line, cell cycle and
RT-qPCR analysis of several identified oncogenes in breast
cancer (44-46) was performed, including MYC, HER2,
CCNDI and COX-2. The DNA content analysis revealed that
AgNPs treatment significantly reduced the percentage of cells
below 2N and increased the number of cells with 4N DNA.
The RT-qPCR analysis results indicated that AgNPs derived
from A. squamosa seed extract effectively reduced the mRNA
levels of MYC, CCNDI1,HER2, COX-2 and CTNNDI (Fig. 6).
The Cq values are presented in Table SI. These findings
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Figure 4. Effects of Annona squamosa seed extract and silver- or gold-based formulations on the viability of MCF-7 and 293 cells. (A) Viability of MCF-7 cells
following treatment with SQ for 24, 48 and 72 h. (B) Viability of MCF-7 cells following treatment with AuNPs synthesized using A. squamosa seed extract at
various concentrations for 24, 48 and 72 h. (C) Viability of MCF-7 cells following treatment with AgNO; at various concentrations for 24 h. (D) Viability of
MCF-7 cells following treatment with AgNPs synthesized using A. squamosa seed extract at various concentrations for 24, 48 and 72 h. (E) Viability of 293
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for 24 and 72 h. Data are presented as the mean + standard deviation from three independent experiments (n=3). Statistical significance was determined using
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underscore the potential of AgNPs to modulate the expression ~ AgNPs induce apoptosis in MCF-7 cells. To investigate
of critical oncogenes and offer valuable insights into their =~ whether the cytotoxic effect of AgNPs was associated with
anti-proliferative mechanisms in cancer cells. apoptosis, MCF-7 cells were treated with AgNPs (100 pg/ml)
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Figure 7. AgNP treatment induces apoptosis and modulates the expression of apoptosis-related genes in MCF-7 cells. (A) Representative flow cytometry
dot plots of Annexin V-FITC-stained MCF-7 cells showing apoptotic populations in the untreated control and AgNP-treated (100 xg/ml, 48 h) groups.
(B) Quantification of apoptotic cells demonstrating a significant increase in apoptosis following AgNP treatment compared with the control group, as deter-
mined by Student's t-test. (C) Relative expression levels of apoptosis-related genes following AgNP exposure. AgNP treatment significantly upregulated p53,
BAX and BAX/BCL2 ratio, while significantly downregulating PUMA expression compared with the control. Gene expression data were analyzed using
two-way ANOVA and are presented as the mean =+ standard deviation from three independent experiments (n=3). Statistical significance is indicated as "P<0.05
and ""P<0.001 vs. control. ns, not significant; AgNPs, silver nanoparticles; TP53, tumor protein P53; BAX, BCL2 associated X; BBC3/PUMA, BCL2 binding

component 3; BCL2, BCL2 apoptosis regulator.

for 48 h and analyzed using Annexin V-FITC flow cytom-
etry. As shown in Fig. 7A and B, AgNP treatment markedly
increased the population of Annexin V-positive cells compared
with the untreated control. Quantitative analysis revealed that
the percentage of apoptotic cells increased significantly from
21.25+0.07% in the control group to 27.3+0.32% following
AgNP treatment (P<0.001; Fig. 7B), indicating that AgNPs
effectively induced apoptosis in MCF-7 cells.

To further elucidate the molecular mechanisms under-
lying AgNP-induced apoptosis, the expression of several
apoptosis-related genes was evaluated by RT-qPCR (Fig. 7C),
and the AACt values are presented in Table SII. AgNP treat-
ment significantly upregulated the expression of p53 (2.7-fold),
BAX (3.8-fold), and the BAX/BCL2 ratio (2.2-fold) relative
to the control group (P<0.05-0.001). By contrast, the expres-
sion of PUMA was markedly reduced to ~0.05-fold of the
control level (P<0.05). These findings suggest that AgNPs
induce apoptosis in MCF-7 cells through activation of the
p53-mediated apoptotic pathway.

Discussion

AgNPs are increasingly valued for their antimicrobial
properties in medical applications. Although the precise

mechanism behind the antibacterial activity of AgNPs is still
being studied, it is thought that both the size of the NPs and
the presence of phytochemical components contribute syner-
gistically to their effectiveness. The extensive surface area
and diverse phytochemical constituents of the seed extract
facilitate the reduction and stabilization of AgNPs, which are
typically <100 nm in size (47). AgNPs can disrupt bacterial
cells through various mechanisms, including electrostatic
interactions with the negatively charged bacterial membranes,
which leads to cell death (48). This interaction induces oxida-
tive stress through reactive oxygen species within the cell
membrane (49,50). The AgNPs don't stop there-they actually
break through the bacterial membrane, disrupt respiratory
chains and enter organelles where Ag* ions interact with DNA,
ribosomes and enzymes. Of note, AgNPs prefer to attach to
nucleosides rather than phosphate groups, which leads to DNA
damage and ultimately cell death. AgNPs also accumulate in
the membranes of E. coli and S. aureus, increasing membrane
permeability and causing cell death.

Research utilizing Tectona grandis seed extract for AgNP
synthesis has revealed that NPs ranging from 10 to 30 nm in size
can substantially inhibit S. aureus and E. coli (51). In another
study, AgNPs produced using Trigonella foenum-graecum
seed extract demonstrated MIC values of 62.5 ug/ml for


https://www.spandidos-publications.com/10.3892/br.2026.2177

12 DEWTI et al: METAL NPs SYNTHESIS USING A. squamosa: INSIGHTS INTO ANTIBACTERIAL AND ANTICANCER ACTIVITIES

S. aureus and 125 pug/ml for E. coli (52). While earlier studies
have generally reported larger inhibition zones for E. coli
compared to S. aureus (52), the present findings indicate
that AgNPs exhibit greater effectiveness against S. aureus.
Meanwhile, a previous study on AgNPs synthesized using an
aqueous extract of Hypericum perforatum L. reported bacte-
ricidal activity against S. aureus based on MIC and MBC
evaluations (53), which contrasts the present findings, where
a bacteriostatic effect was observed. This discrepancy high-
lights the impact of the specific plant extract used in AgNP
synthesis on their antibacterial performance.

In addition to their antibacterial activity, the present study
demonstrated that AgNPs exert a selective antiproliferative
effect against cancer cells while exhibiting minimal cytotox-
icity toward normal 293 cells. This selective cytotoxicity is
highly desirable for anticancer agents, as it minimizes damage
to healthy tissues. Similar findings have been reported previ-
ously, where AgNPs synthesized using walnut green husk
extract showed substantially greater cytotoxicity toward
MCEF-7 breast cancer cells than toward non-cancerous L.-929
fibroblasts (54). The preferential toxicity of AgNPs toward
cancer cells has been attributed to their enhanced cellular
uptake, which is facilitated by the altered metabolism, rapid
proliferation and increased endocytic activity characteristic of
malignant cells. These biological features render cancer cells
more susceptible to NP-induced oxidative stress and cellular
damage than normal cells (55).

Of note, the present results revealed a clear difference
between AgNO; and AgNPs. While AgNO; exhibited cyto-
toxic effects on both MCF-7 and 293 cells, AgNPs selectively
inhibited the growth of cancer cells with limited toxicity
toward normal cells. This selectivity may be attributed to
the controlled and sustained release of Ag* ions from the NP
matrix, in contrast to the immediate availability of free Ag*
ions from AgNO;. Furthermore, the acidic tumor microenvi-
ronment likely contributes to the enhanced anticancer activity
of AgNPs (56). Cancer cells generally maintain a lower
extracellular pH than normal cells, which promotes increased
dissolution of AgNPs and consequently a higher release of
Ag* ions within tumor tissues. As a result, cancer cells are
exposed to greater intracellular silver ion concentrations,
leading to elevated oxidative stress, mitochondrial dysfunction
and apoptosis, while normal cells experience comparatively
lower toxicity (57). These mechanisms collectively support the
selective anticancer potential of AgNPs observed in this study.

The anticancer activity of AgNPs may also be associ-
ated with their ability to modulate the expression of genes
involved in cell proliferation and survival. In the present
study, dose-dependent cytotoxicity on MCF-7 cells treated
with AgNPs was observed, with ICs, values of 106.7 pg/ml at
48 h and 79.5 ug/ml at 72 h. These ICs, values are higher than
those found in a previous study, which reported IC, values of
50 pg/ml at 24 h and 30 pg/ml at 48 h for AgNPs synthesized
using A. squamosa leaf extract against MCF-7 cells (24). The
differences might be attributed to the use of A. squamosa seed
extract.

Another mechanism underlying the anticancer activity
of AgNPs is their ability to induce apoptosis in cancer cells.
In the present study, AgNP treatment significantly increased
the proportion of apoptotic MCF-7 cells compared with

the control group, indicating that apoptosis contributes
to the observed cytotoxic effect. This response is likely
mediated through activation of p53, a key regulator of
programmed cell death. Similar findings have been reported
for green-synthesized AgNPs from Allium ampeloprasum,
which increased p53 and BAX expression while decreasing
BCL2 expression (58). Although BCL2 expression was also
elevated in the present study, the increase in BAX expression
was substantially greater, resulting in a higher BAX/BCL2
ratio. This ratio is widely recognized as a key indicator of
apoptosis, reflecting the balance between pro-apoptotic and
anti-apoptotic signaling. Therefore, the elevated BAX/BCL2
ratio observed in AgNP-treated cells supports the conclusion
that AgNPs induce apoptosis through activation of the intrinsic
mitochondrial apoptotic pathway (59).

When MCF-7 cells were exposed to AgNPs, significant
changes in several cancer-related genes were observed in the
present study. The treatment notably decreased the expres-
sion of MYC, CCNDI1, COX-2, HER2 and CTNNDI. This is
particularly interesting because c-Myc plays a crucial role
in driving breast cancer growth-it helps cancer cells divide
rapidly, and when it's overactive, patients tend to have worse
outcomes (60). c-Myc promotes cell cycle progression by
activating CCNDI, which is frequently overexpressed and
amplified in breast cancer. CCNDI functions in the nucleus
to regulate the transition from Gl1 to S phase by interacting
with CDK4 and CDK6 (61). Meanwhile, COX-2 is often
overexpressed in breast cancer and its overexpression
contributes to tumor growth, invasion and metastasis (62).
AgNPs effectively decreased HER2 levels. HER2's role
in breast cancer is particularly concerning since it acts
together with other EGFR family proteins to trigger path-
ways that drive tumor growth and spread (63). A previous
study reported lower CTNNDI expression in breast cancer
tissues from patients with breast cancer compared to
mammary gland cells from non-tumor patients (64). This
study is the first to demonstrate that AgNPs synthesized
with A. squamosa seed extract can modulate several breast
cancer-related genes. Although AgNPs have good anti-
cancer activity against MCF-7 cells, it is still necessary to
conduct further analyses to see the effectiveness of AgNPs
in animal models (in vivo studies).

Despite the strong anticancer and antibacterial effects of
AgNPs, AuNPs synthesized using A. squamosa seed extract
did not exhibit comparable bioactivities. The differences
in the physicochemical properties of these nanomaterials
may have influenced their biological performance. Similar
observations have been reported in previous studies, where
AuNPs showed minimal or no cytotoxic effects in HeLa
cells (65), A549 and Vero cells (66) and Caco-2 cells (67).
The low cytotoxicity observed in the present study suggests
that A. squamosa-generated AuNPs may have potential for
biomedical applications where biocompatibility is desir-
able. However, further studies are required to evaluate their
loading capacity, stability, targeting ability and delivery
efficiency before their suitability as drug-delivery vehicles
can be established. In general, AuNPs have attracted consid-
erable interest in drug-delivery research because of their
tunable size and shape, ease of surface functionalization
and ability to interact with a wide range of biomolecules.
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Previous studies have explored the use of AuNPs for the
delivery of drugs, genes, proteins and vaccines (68-73).
Therapeutic agents, including antibiotics, can be associated
with AuNPs through ionic interactions, covalent conjugation
or physical adsorption.

Future studies should evaluate the anticancer efficacy
of the synthesized silver and gold NPs in additional breast
cancer subtypes, particularly triple-negative breast cancer
(MDA-MB-231), to determine whether their therapeutic
effects extend beyond hormone receptor-positive breast
cancer. Preclinical in vivo studies using appropriate animal
models should then assess antitumor efficacy, biodistribution,
pharmacokinetics and long-term safety, including the absorp-
tion, distribution, metabolism and excretion profiles of the
NPs. These studies will be essential for establishing optimal
dosing regimens, evaluating systemic toxicity associated with
prolonged exposure and supporting the clinical translation of
NP-based therapies. In addition, addressing public perception
and ethical considerations, together with collaboration among
researchers, clinicians and regulatory agencies, will facilitate
the safe and effective development of silver- and gold-based
nanomedicines.

In conclusion, A. squamosa seed extract successfully medi-
ated the green synthesis of AgNPs and AuNPs with nanoscale
size, spherical morphology and crystalline structures. Among
the synthesized NPs, the AgNPs exhibited bacteriostatic
activity against S. aureus and bactericidal activity against
E. coli, whereas the AuNPs showed no detectable antibacte-
rial effect. The AgNPs also demonstrated selective anticancer
activity by inhibiting the proliferation of MCF-7 breast cancer
cells while exerting minimal toxicity toward normal 293 cells.
The cytotoxic effect was dose- and time-dependent, with I1Cs,
values of 106.704 and 79.519 ug/ml after 48 and 72 h of treat-
ment, respectively. Mechanistically, AgNPs modulated the
expression of cancer-related genes, suppressed the expression
of several oncogenes and induced apoptosis through the acti-
vation of p53-associated pathways, as evidenced by increased
apoptotic cell populations and an elevated BAX/BCL2 ratio.
While these findings underscore the therapeutic potential
of A. squamosa seed extract-biosynthesized NPs, further
in vivo studies are required to elucidate their biodistribution,
pharmacokinetics, mechanisms of action and long-term safety.
Multidisciplinary collaborations will be essential to advance
their translation into clinical applications.
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