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-derived terpenoid-rich silver
nanoparticles induce apoptosis and upregulate
p21/CAV1 proteins in gastric cancer cells†

Van Hung Hoang,a Thi Thanh Huong Le,b Thi Tam Khieu, b Thi Ngoc Thuy Le, c

Thi Kieu Oanh Nguyend and Phu Hung Nguyen *ac

Cancer remains one of the most prevalent and deadly diseases, ranking among leading global causes of

morbidity and mortality. This study presents the green synthesis of silver nanoparticles using Trevesia

palmata leaf extract (Trp-AgNPs) and evaluates their anticancer efficacy. Trp-AgNPs formation was

confirmed by the color transition of the solution from transparent to brown, along with a prominent UV-

Vis absorption peak at 436 nm. X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy

(FTIR) confirmed the crystalline structure of the Trp-AgNPs and the presence of biomolecules

contributing to reduction and stabilization. Transmission electron microscopy (TEM) analysis identified

spherical nanoparticles with an average diameter of 17.84 ± 8.28 nm. QToF-MS analysis indicated that

26 different compounds, including 14 bioactive terpenoids, were bound to the surface of the silver

nanoparticles. The anticancer properties of Terpenoid-rich Trp-AgNPs were evaluated across four

cancer cell lines (MKN45, HepG2, MCF7, and A549), with MKN45 demonstrating the highest sensitivity

(IC50 = 0.5 mg mL−1). Flow cytometry revealed dose-dependent apoptosis in MKN45 cells induced by

Trp-AgNPs. Trp-AgNPs upregulated the transcription of Caspase 8, Caspase 3, P21, and Caveolin-1

(CAV1) genes. Significantly, the mRNA expression of P21 increased by more than five-fold, while CAV1

demonstrated an approximately eleven-fold increase, indicating their potential role in cytotoxicity.

Additionally, strong binding of nanoparticle surface compounds to anti-apoptotic proteins, as shown by

molecular docking, reveals how Trp-AgNPs induce apoptosis signaling in gastric cancer cells. These

findings highlight the potential of Trp-AgNPs as a targeted, eco-friendly therapeutic strategy for gastric

cancer.
1 Introduction

Cancer remains one of the most prevalent and lethal diseases
globally, consistently ranking among the leading causes of
morbidity and mortality worldwide.1 Despite signicant
advances in treatment techniques and surgical tumor resection,
the mortality rate associated with gastric cancer remains high,
primarily due to the development of therapeutic resistance in
cancer cells.2 This reality has driven ongoing research and
improvements in treatment modalities, with particular
emphasis on the discovery and development of novel anticancer
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drugs that have fewer side effects and are derived from plant
sources.3,4 Additionally, the fabrication of bio-nanomaterials
has emerged as a crucial tool, garnering signicant attention
due to their enhanced biocompatibility, environmental
sustainability, and markedly improved biological activity.5

Nanotechnology, notably the synthesis of silver nanoparticles
(AgNPs), has recently garnered signicant attention due to its
applications in the medical eld, including potential anticancer
effects.6 Owing to their small size, high surface area, and ability
to interact with various chemical functional groups, AgNPs
demonstrate distinct advantages in biological activity, thereby
enhancing their cytotoxic efficacy against cancer cells. The
green synthesis also known as biosynthesis of silver nano-
particles using plant extracts is regarded as a simple, cost-
effective, and environmentally friendly approach.7 There have
also been comparative studies showing that green-synthesized
silver nanoparticles have higher biocompatibility and fewer
negative effects on embryo development compared to chemi-
cally synthesized nanoparticles.8 Natural compounds present in
plant extracts exhibit reducing properties that facilitate the
conversion of silver ions into silver nanoparticles, while
© 2025 The Author(s). Published by the Royal Society of Chemistry
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concurrently capping their surfaces to stabilize the nano-
particles and enhance their biological activity.9 Moreover, these
plant-derived compounds serve as an important source for the
development of therapeutic agents or health supplements
against cancers, owing to their diverse biological activities such
as inducing apoptosis, inhibiting angiogenesis or cell migra-
tion.10,11 Accumulating evidence indicates that the anticancer
mechanisms of AgNPs are very complex. Common mechanisms
include enhancing the overproduction of ROS within cells,
causing DNA strand breaks in the cell nucleus, and inducing
apoptosis.12 In addition, AgNPs have been shown to cause cell
cycle arrest and interfere with various cancer signaling path-
ways, such as the PI3K/Akt/mTOR pathway and mitochondrial-
mediated apoptosis cell death signaling pathways.13

Trevesia palmata (Roxb. Ex Lindl.) Vis. is recognized as an
herbal species widely distributed across many Southeast Asian
countries and the Himalayan region. This herb has long been
utilized in traditional medicine in several Southeast Asian,
Chinese and India countries to treat a variety of ailments,
including arthritis, thrombosis, tissue hyperplasia, and other
disorders.14,15 The diverse chemical composition of Trevesia
palmata contributes to its rich spectrum of biological activities.
Studies have shown that this plant contains various triterpe-
noids, avonoids, and phenolic acids, which exhibit anti-
inammatory, antioxidant, antibacterial, and antiproliferative
effects against osteosarcoma.16,17 However, data on the anti-
cancer activity of this medicinal herb is generally limited. This
study aims to synthesize silver nanoparticles using Trevesia
palmata leaf extract and assess their anticancer efficacy in
gastric cancer cells. By combining the benets of green nano-
technology with the medicinal properties of Trevesia palmata,
this study aims to develop a silver nanoparticle-based nano-
complex that is both highly effective against cancer cells and
environmentally sustainable.

2 Material and methods
2.1. Preparation of Trevesia palmata leaf extract

The Trevesia palmata specimen was collected in Thai Nguyen
Province, Vietnam, at coordinates N 21°32057.600 E 105°
46045.3000 and identied by Dr Thi Thanh Huong Le. The
voucher specimen (TNU2024.11) is deposited at the Faculty of
Biotechnology, Thai Nguyen University of Sciences.

The leaves of Trevesia palmata were nely ground into
a powder. Subsequently, ve grams of this powder were weighed
and added to a glass container with 100 mL of deionized water.

The mixture was agitated for 10 minutes and subsequently
heated to boiling for 15 minutes. The obtained extract was
ltered through Whatman lter paper (20 cm diameter) to
remove the residual leaf debris, and then stored at 4 °C for
subsequent experiments.

2.1.1 Green synthesis of silver nanoparticles. A 5 mM silver
nitrate (AgNO3) solution was prepared using deionized water.
Next, 3 mL of the previously prepared Trevesia palmata leaf
extract was added to 90 mL of the 5 mM AgNO3 solution and
stirred gently at 250 rpm at 60 °C. The formation of silver
nanoparticles was monitored by the color change of the reaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
mixture from colorless to brown, indicative of the surface plas-
mon resonance phenomenon. Samples were taken at time
intervals of 0, 5, 10, 15, 20, 25, and 30minutes for UV-Vis spectral
analysis to track the development of the characteristic absorp-
tion peak. The solutionwas then centrifuged at approximately 10
000 rpm for 15 minutes to collect the nanoparticle precipitate,
which was subsequently washed three times with deionized
water and stored at 4 °C for further biological activity assays.18

2.2. Ultraviolet-visible spectroscopy

The silver nanoparticle solution was analyzed using a UV-Vis
spectrophotometer (Multiscan-Sky, Thermo Fisher) over
a wavelength range of 300–1000 nm to determine the surface
plasmon resonance peak of the AgNPs.

2.2.1 X-ray diffraction analysis. The silver nanoparticle
powder sample was obtained by drying the nanoparticle solution.
XRD measurements were carried out using X-ray diffractometer
(D2-Phase, Brucker, Japan), with a scanning range of 2q from 20°
to 80°. The diffraction peaks were compared against standard
data (JCPDS) to ascertain the crystalline structure of silver, which
is typically a face-centered cubic (FCC) arrangement.18

2.3. Fourier transform infrared spectroscopy

Dried silver nanoparticle samples were mixed with KBr to form
pellets, and FTIR spectra were recorded in the range of 4000–
400 cm−1 using a PerkinElmer Spectrum Two spectrometer
(Spectrum Two, USA). This analysis was performed to identify
the functional groups involved in the reduction and stabiliza-
tion of the nanoparticles as previously described.19

2.4. Transmission electron microscopy (TEM) and dynamic
light scattering analysis

For Transmission electron microscopy (TEM) analysis, a drop of
the silver nanoparticle solution was deposited onto a carbon-
coated copper grid and allowed to air dry. The morphology
and size of the nanoparticles were observed using a scan elec-
tron microscope (JEOL 2100F), which operated at 80 kV, direct
mag 100 K. Nanoparticle dimensions were measured and
analyzed using image analysis ImageJ soware.

Zeta potential and particle size distribution of the synthe-
sized AgNPs were analysed using a dynamic light scattering
(DLS) instrument (Horiba SZ-100), with a zeta potential range of
−500 to +500 mV and particle size range of 0.3 nm to 10 mm.

2.5. Identication of natural compounds on the surface of
silver nanoparticles

The identication of chemical components on the surface of
silver nanoparticles was carried out using UPLC-QToF mass
spectrometry (Waters Corporation, USA).20 Aer synthesis, the
nanoparticles were washed repeatedly with deionized H2O,
mixed thoroughly by pipetting, followed by centrifugation at 15
000 rpm, and the supernatant was removed. This process was
repeated three times to remove unbound compounds from the
nanoparticles. Subsequently, the sample was prepared by dis-
solving 0.1 mg of nanoparticles in 0.5 mL of methanol, ltered
RSC Adv., 2025, 15, 25742–25757 | 25743
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through a 0.22 mm membrane, and 1 mL was injected for chro-
matographic separation using a BEH C18 column. Mass spectra
were acquired in both positive and negative electrospray ioni-
zation modes under optimized conditions. Data were acquired
in full scan mode (m/z 50–1100), and fragmentation data were
obtained using low and high collision energy modes. Spectral
data were processed using UNIFI soware, and peak annotation
was performed based on comparing fragmentation patterns
against the Waters Traditional Medicine Library (Waters
Corporation, USA).
2.6. Cell culture and MTT assay

Cancer cells (Gastric cancer (MKN45), liver cancer (HepG2),
breast cancer (MCF7), and lung cancer (A549) from Bordeaux
Institute of Oncology, France) were seeded in 96-well plates at
a density of approximately 8 × 103 cells per well and incubated
for 24 hours to ensure adherence. The medium was then
replaced with fresh medium containing various concentrations
of AgNPs (0.2, 0.5, 1.0, 1.5, and 2.0 mg mL−1), while the control
group received no treatment. Aer an additional 48 hours of
incubation, themediumwas removed and 100 mL of new culture
medium containing 0.5 mg per mL MTT was added. The plates
were incubated for 4 h at 37 °C. The MTT solution was subse-
quently removed, and 100 mL of DMSO was added to dissolve
the formazan crystals. Optical density (OD) was measured at
570 nm using a Multiskan Sky microplate reader (Thermo
Fisher, Massachusetts, USA) as previously described.11
2.7. Apoptosis analysis by ow cytometry

Apoptosis was evaluated following the protocol of Carlo Ric-
cardi and Ildo Nicoletti.21 MKN45 cells were seeded and treated
with various concentrations of Trp-AgNPs (0.5, 1.0, and 1.5 mg
mL−1) for 48 hours, and then xed in 70% ethanol at 4 °C for
2 h. The xed cells were incubated with a 20 mg per mL propi-
dium iodide (PI) solution for 1 h. Flow cytometry was subse-
quently performed using a 488-nm laser, with twenty thousand
events acquired per sample and analyzed using C6 Plus Analysis
Soware (BD Bioscience, USA) as previously reported.22
2.8. RNA isolation and real-time PCR analysis

MKN45 cells were treated with Trp-AgNPs at the IC50 concen-
tration (0.5 mg mL−1) for 24 hours, then harvested for total RNA
extraction using a TRIzol@ Reagent (Thermo Fisher, USA). RNA
Table 1 Docking grid coordinates and box dimensions for target protei

Protein Grid center (x, y, z, Å)

Bcl-2 (16.247, 2.004, 16.359)
Bcl-XL (20.404, 50.089, 1.617)
Bcl-W (−18.170, 5.000, −1.000)
Mcl-1 (13.516, 10.616, 10.264)
XIAP (22.486, −1.783, −20.875)
Survivin (−31.822, 29.266, 65.689)
AKT (−19.930, 4.348, 11.200)
mTOR (51.398, −0.188, −49.016)

25744 | RSC Adv., 2025, 15, 25742–25757
concentration and purity were determined using a spectropho-
tometer (NanoDrop). Complementary DNA (cDNA) was synthe-
sized from the extracted RNA using reverse transcriptase. Real-
time PCR using the BIOFACT 2x SYBR Green IOnestep Master
Mix qRT-PCR (BIOFACT, Korea) were performed according to
the manufacturer's instructions with specic primers for target
genes, including Caspase 3, Caspase 8, Caspase 9, Bcl-2, P21,
CAV1 and a HPRT-1 housekeeping gene (Table S1†). The reac-
tions were run on a the qTower3 system (Analytik Jena, Jena,
Germany) and analyzed using the 2−DDCt method to compare
gene expression levels between treated and control samples as
previously described.23
2.9. Immunouorescence analysis

Cells were cultured on coverslips in 24-well plates until reaching
an appropriate density and then treated with Trp-AgNPs at the
IC50 concentration for 24 hours. The cells were xed with 4%
paraformaldehyde for 30 minutes, permeabilized with 0.05%
Triton X-100 for 5 minutes, and blocked with 3% BSA for 30
minutes. Subsequently, the cells were incubated with primary
antibodies against P21 or CAV-1 (all from Abcam, Cambridge,
USA) at room temperature for 30 minutes, followed by PBS
washes. The cells were then incubated with uorophore-
conjugated secondary antibodies. Aer counterstaining the
nuclei with DAPI and washing twice with PBS, the samples were
observed and imaged using a Nikon Ti2 uorescence micro-
scope, and images were analyzed with specialized soware (NIS-
Elements 5.0, Nikon, Japan) as previously reported.24
2.10. Molecular docking

Preparation of ligand and protein: The 26 compounds (Table 2)
were obtained from the PubChem database in SDF format or
redrawn using ChemDraw 23.1.1. Ligand structures were pro-
cessed using LigPrep at pH 7 ± 2, with the OPLS4 force eld
applied to generate all relevant tautomers and stereoisomers in
their lowest energy 3D conformations. The crystal structures of
Bcl-2 (PDB ID: 6GL8), Bcl-XL (3ZK6), Bcl-W (2Y6W), Mcl-1
(4OQ6), XIAP (5OQW), Survivin (3UIH), AKT (4GV1), and
mTOR (4JT5), were retrieved from the Protein Data Bank and
prepared using the Protein Preparation Wizard. Binding sites
were dened based on co-crystallized ligands present in each
PDB structure. The grid box parameters for each target protein
are presented in Table 1.
ns

Inner box (Å) Outer box (Å)

10 × 10 × 10 26.719 × 26.719 × 26.719
10 × 10 × 10 34.781 × 34.781 × 34.781
35 × 35 × 35 26.622 × 26.622 × 26.622
10 × 10 × 10 24.451 × 24.451 × 24.451
10 × 10 × 10 25.179 × 25.179 × 25.179
10 × 10 × 10 25.896 × 25.896 × 25.896
10 × 10 × 10 24.816 × 24.816 × 24.816
10 × 10 × 10 24.523 × 24.523 × 24.523

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Molecular docking and binding affinity evaluation: docking
reliability was assessed by redocking the cocrystallized ligands
into their original binding sites. The protocol was considered
valid when the root-mean-square deviation (RMSD) between the
redocked and experimental poses was less than 2.0 Å. All 26
compounds were subsequently docked into the prepared
protein structures using the Glide Extra Precision (XP) algo-
rithm. Binding free energies were estimated using the MM-
GBSA (Molecular Mechanics/Generalized Born Surface Area)
method, employing the VSGB implicit solvation model and the
OPLS4 force eld.

2.11. Statistical analysis

Statistical comparisons were performed using the Mann–
Whitney U Test, with analysis conducted using GraphPad Prism
10.0 (GraphPad Soware, Inc.).

3 Results and discussion
3.1. Green synthesis of silver nanoparticles using Trevesia
palmata extract

The silver nanoparticle synthesis (Fig. 1) is conrmed by the
change in color from transparent to brown when the Trevesia
palmata leaf extract is added to the AgNO3 solution, reecting
the characteristic surface plasmon resonance phenomenon of
silver nanoparticles (Fig. 1B). UV-Vis spectral analysis revealed
the presence of a characteristic absorption peak at 436 nm,
which corresponds to the surface plasmon resonance of silver
nanoparticles (Fig. 1C). The progressive increase in absorption
peak intensity over time indicates a robust reduction of Ag+ ions
into nanoparticles, leading to a progressive increase in the
Fig. 1 Synthesis of silver nanoparticles using Trevesia palmata leaf extrac
nanoparticle solution (B), and UV-Vis absorption spectrum of silver nano

© 2025 The Author(s). Published by the Royal Society of Chemistry
concentration of generated silver nanoparticles. Subsequently,
Trp-AgNPs were characterized using SEM and TEM, XRD, and
FTIR spectroscopy.

The green synthesis of AgNPs using plant extracts is regarded
as an eco-friendly alternative to conventional chemical
methods, which are inherently associated with the risk of
environmental pollution.25 This study employed the boiling
extraction method, which enables a shortened synthesis time of
only 10–20 minutes while avoiding the residual presence of
undesirable compounds commonly associated with solvent-
based methods such as ethanol, methanol, or hexane. The
Trevesia palmata Roxb. extract was employed as a reducing
agent to convert silver ions from AgNO3 salt into silver nano-
particles. The color change of the silver salt solution from
colorless to yellow and then to dark brown, along with the
characteristic absorption peak observed at 436 nm in the UV-Vis
spectrum, conrmed the formation of AgNPs via the surface
plasmon resonance phenomenon. These observations are
consistent with previously published studies on plant-mediated
synthesis of AgNPs, in which the absorption peak is typically
recorded in the range of 400–450 nm.26
3.2. Characteristics of the X-ray diffraction spectrum and
Fourier transform infrared spectroscopy of Trp-AgNPs

XRD analysis (Fig. 2A) revealed diffraction peaks at 2q angles of
27.74°, 32.26°, 38.18°, 43.77°, 64.02°, and 77.37°, with the most
intense peak at 2q = 43.77° corresponding to the (200) crystal
plane of silver. This indicates that the Trp-AgNPs display the
characteristic crystalline structure of silver, featuring a face-
centered cubic arrangement. These ndings also conrm the
t. Plant and leaf sample of Trevesia palmata (A), color of the synthesized
particle samples over time (C).

RSC Adv., 2025, 15, 25742–25757 | 25745
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Fig. 2 X-ray diffraction analysis spectrum (A) and Fourier-transform infrared spectroscopy spectrum (B) of the synthesized silver nanoparticles.
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successful synthesis of silver nanoparticles. The FTIR spectrum
(Fig. 2B) revealed that functional groups are bound to the silver
nanoparticles, contributing to their stabilization. Typical
absorption peaks were identied at 3410 cm−1 (O–H or N–H
stretching), 1649 cm−1 (C]O stretching of carbonyl or amide I),
1553 cm−1 (bending or amide II), 1399 cm−1 (C–H bending),
and 1020–1033 cm−1 (C–O or C–N stretching). These spectral
data underscore the interaction between the compounds
present in the Trevesia palmata extract and the nanoparticle
surface, serving as both reducing and stabilizing agents.
Accordingly, the combined XRD and FTIR data presented in
Fig. 2 conrm the successful biosynthesis of AgNPs with the
incorporation of biomolecules from Trevesia palmata, poten-
tially enhancing both their stability and biological activity.

Trp-AgNPs synthesized in this study exhibit a face-centered
cubic structure as determined by XRD analysis. The FTIR
spectrum reveals the presence of functional groups such as O–
H, C]O, N–H, and C–O, which are attributed to the bioactive
compounds present in the Trevesia palmata extract. These
ndings are consistent with previous reports on AgNP synthesis
using Syngonium podophyllum,27 and Olea europaea extract.28

The integration of UV-Vis, TEM, XRD, and FTIR data under-
scores the successful biosynthesis of Trp-AgNPs.

3.3. Transmission electron microscopy images of Trp-AgNPs

TEM analysis (Fig. 3) reveals that the synthesized Trp-AgNPs
exhibit a spherical morphology, with sizes ranging from
approximately 10 nm to over 40 nm; most particles are within
the 15–25 nm range, with an average diameter of 17.84 ±

8.28 nm. The nanoparticles display uniform dispersion without
signicant aggregation. Some larger particles observed may
result from localized variations in the concentration of the
reducing agent during the early stages of synthesis. These
ndings further support the successful synthesis of Trp-AgNPs.

The formation of uniformly spherical nanoparticles, as
observed through TEM imaging, has conrmed the efficacy of
Trevesia palmata extract in serving as both a reducing agent and
a structural stabilizer, a phenomenon also reported in other
studies employing plant extracts for the synthesis of silver
25746 | RSC Adv., 2025, 15, 25742–25757
nanoparticles.29,30 The size of the nanoparticles is closely related
to their biological activity; the smaller the size, the larger the
surface area, creating more opportunities for binding with
various compounds in the extract and enhancing effective
cellular penetration.31,32 With an average measured size of 17.84
± 8.28 nm, the Trp-AgNPs are relatively small, consistent with
previous reports on silver nanoparticle synthesis using plant
extracts, such as those derived from Artemisia turcomanica33 and
Pistacia atlantica,34 which reported diameters ranging from 20
to 30 nm and demonstrated activity against AGS and KANTO III
gastric cancer cells. However, the size of Trp-AgNPs is smaller
than that of nanoparticles synthesized from Teucrium polium
extract, which exhibit diameters ranging from 70 to 100 nm and
activity against the MKN45 gastric cancer cell line,35 yet larger
than that of silver nanoparticles synthesized from Ardisia
gigantifolia extract, which have an average diameter of 6 nm and
show activity against both AGS and MKN45 gastric cancer cell
lines.36

3.4. Dynamic light scattering and zeta potential of Trp-
AgNPs

The zeta potential measurement was performed to evaluate the
colloidal stability of AgNPs. It is wel established that the abso-
lute zeta potential value of nanoparticles greater than ± 30 mV
exhibits sufficient electrostatic repulsion to prevent aggrega-
tion, thereby enhancing their colloidal stability. The synthe-
sized AgNPs displayed a zeta potential of −58.3 mV (Fig. 4),
indicating strong repulsive forces among particles and high
colloidal stability.

This value was notably more negative than those reported for
AgNPs synthesized using Terminalia bellirica (−9.24 mV)37 and
Manilkara zapota (−27.5 mV) extracts,38 suggesting that the
phytochemical constituents in the plant extract contributed
more effectively to particle stabilization through capping. While
the mean average size of AgNPs was found to be 115 nm with
a polydispersity index (PDI) of 0.232, indicating moderate size
distribution.

The size measured by DLS includes the nanoparticle core
and surrounding solution layer, which explains its larger size
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology captured under transmission electron microscope (A) and particle size distribution of silver nanoparticles (B).

Fig. 4 Zeta potential (A) and size distribution (B) of Trp-AgNPs.
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compared to TEM observations. Our ndings are consistent
with previous reports showing that the particle size measured
by DLS is larger than that measured by TEM for green-
synthesized silver nanoparticles using plant extracts from
onion, tomato, and Acacia catechu.39 A similar observation was
reported for silver nanoparticles synthesized using Aloe vera
extract, where the DLS-measured hydrodynamic diameter (82
© 2025 The Author(s). Published by the Royal Society of Chemistry
nm) was signicantly larger than the TEM-determined core size
(5–10 nm).40 This indicates that the solvation layer and, in
particular, the plant extract play a crucial role in forming
a protective shell around the silver nanoparticles, increasing the
diameter many times over its core size. This shell not only
supports stability but also actively participates in the biological
activity of the Trp-AgNPs.
RSC Adv., 2025, 15, 25742–25757 | 25747
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3.5. The synthesized silver nanoparticles are bound to
terpenoid compounds

FTIR spectroscopic analysis (Fig. 2B) allowed for the prediction
of functional groups present on the surface of the synthesized
silver nanoparticles, though it could not identify specic
compounds. Therefore, UPLC-QToF-MS was employed to char-
acterize the precise chemical constituents on the surface of the
tryptophan-silver nanoparticles (Trp-AgNPs). Structural eluci-
dation of metabolites was accomplished through high-
resolution mass spectrometry, with compound identication
achieved by cross-referencing experimental MS/MS spectra
(acquired at varying collision energies) against a comprehensive
traditional medicine database. For data renement, only peaks
exceeding an intensity of 15 000 counts with mass accuracy
within 5 ppm were considered. The resulting separation
proles, captured in both ionization polarities, are illustrated in
Fig. 5.

Table 2 presents the compounds identied from peaks
meeting the optimization criteria. A total of twenty-six different
compounds were identied on the surface of Trp-AgNPs,
belonging to the classes of Alkaloids, Polyphenols, Terpenoids,
Flavonoids, Lignans, and other compounds. A total of 13
compounds belonged to the Terpenoid group, comprising mostly
triterpenoids (10 compounds: 1, 2, 5, 7, 8, 10, 11, 14, 21, 22), two
tetraterpenoids (compounds 15, 17), and two diterpenoids
(compounds: 4 and 24). Most compounds contained O–H, C–O,
and C]O bonds, a few of which contained N–H bonds
(compounds 16, 19, 20, and 25), reecting consistency with the
FTIR analysis results (Fig. 2B). To provide evidence for the role of
natural compounds present in the extract of biological samples in
the reduction of Ag+ ions to silver nanoparticles (Ag0) during
green synthesis reactions, FTIR spectroscopy is commonly used
Fig. 5 UPLC-QToF-MS chromatographic profiles of Trp-AgNPs under n

25748 | RSC Adv., 2025, 15, 25742–25757
to identify the presence of characteristic functional groups of
organic compounds, such as C]O, C–O, N–H, or O–H. However,
this method does not reveal which specic compounds these
functional groups belong to, and this is a limitation when eval-
uating the contribution of natural compounds to the formation
and properties of silver nanoparticles. To predict which
compounds in the extract might participate in the silver ion
reduction process, some studies have performed chemical
composition analysis of the crude extract beforehand using
highly sensitive spectroscopic methods such as UPLC-QToF-MS,41

Gas Chromatography-Mass Spectrometry,42 or Liquid Chroma-
tography with Diode Array Detection and Mass Spectrometry.43

Nevertheless, these approaches still do not allow for the conclu-
sive conrmation of specic compounds attached to the synthe-
sized nanoparticles. In this study, to more precisely determine
which compounds participated in the reduction process and are
linked to the nanoparticles aer formation, we have for the rst
time performed direct chemical analysis of the Trp-AgNPs sample
aer synthesis. Repeated washing with deionized water
combinedwith centrifugationwas performed to remove unbound
compounds from the Trp-AgNPs, ensuring that only the
compounds bound to Trp-AgNPs were retained and detected in
the analysis results. This approach allowed us to demonstrate the
presence of 26 different compounds existing on the surface of
Trp-AgNPs. These compounds likely exhibit strong reducing
properties, having facilitated the reduction. Notably, the terpe-
noid class accounted for over 50% of the identied compounds.
The presence of terpenoid compounds, particularly triterpenoids
and tetraterpenoids, on the surface of the silver nanoparticles,
which are classes of compounds known for their potent biological
activities,44 serves as signicant evidence suggesting the potential
anticancer activity of the Trp-AgNPs complex.
egative (upper) and ESI positive (under) modes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.6. Trp-AgNPs inhibit cancer cell proliferation

The cytotoxic potential of Trp-AgNPs was evaluated on MKN45,
HepG2, MCF7, and A549 cell lines. Fig. 6 illustrates the effects of
Fig. 6 The effect of silver nanoparticles on the morphology and growth o
with silver nanoparticles at concentrations ranging from 0.2 to 2.0 mg
invertedmicroscope (A). Cell proliferation was determined by the MTT ass
compared to the control.

25750 | RSC Adv., 2025, 15, 25742–25757
silver nanoparticles on the morphology and proliferation of
cancer cells following a 48 hours treatment with concentrations
ranging from 0.2 to 2.0 mg mL−1. No morphological changes
f MKN45, HepG2, MCF7, and A549 cell lines. The cell lines were treated
mL−1 for 48 hours. Morphological changes were observed under an
ay (B). Mann–Whitney test (n= 4), *p < 0.05, **p < 0.01, and *p < 0.001

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were observed in the control cells, which exhibited typical
proliferation, whereas cells treated with Trp-AgNPs displayed
signicant morphological alterations, including the appearance
of numerous small cells or dead cells detaching from the
culture surface at higher concentrations. An appreciable
decrease in cell proliferation was noted with escalating
concentrations of Trp-AgNPs, a pattern particularly pronounced
in the MKN45, MCF7, and A549 cell lines. MTT assay results
conrmed a dose-dependent decrease in cell viability, with IC50

values of 0.5 mg mL−1 for MKN45, 1.1 mg mL−1 for MCF7, 1.2 mg
mL−1 for A549, and >2 mg mL−1 for HepG2. The observed
morphological changes correlated with reduced cell prolifera-
tion, indicating that the cytotoxic effects were directly induced
by Trp-AgNPs. These ndings suggest that Trp-AgNPs have the
potential to inhibit the growth of all four cancer cell lines, with
MKN45 gastric cancer cells exhibiting the highest sensitivity to
the treatment.

The anti-cancer potential of Trp-AgNPs was evaluated using
multiple cancer cell lines, including MKN45, HepG2, MCF7, and
A549. The results demonstrated a dose-dependent reduction in
cell viability, with MKN45 cells exhibiting the highest sensitivity
(IC50 = 0.5 mg mL−1). The differential cytotoxicity observed
among cancer cell linesmay be attributed to variations in cellular
uptake, as well as differences in the extent and mechanisms by
which the nanoparticles affect intracellular molecular signaling
pathways. This disparity has also been reported in studies eval-
uating the impact of green-synthesized silver nanoparticles on
cancer cell lines such as HepG2, MCF7, A549, and MDA-MB-
231,45 or SW620 and SW480.46 The IC50 value of 0.5 mg mL−1 for
Trp-AgNPs against MKN45 may indicate that the synthesized
nanoparticles exhibit strong inhibitory activity against cancer cell
proliferation compared to some green synthesized silver nano-
particles recently reported on this cell line.47
3.7. Trp-AgNPs induce apoptosis in MKN45 gastric cancer
cells

Based on the evaluation of cytotoxicity in Fig. 5, the MKN45 cell
line was found to be the most sensitive to Trp-AgNPs and was
therefore selected for further apoptosis analysis and the exam-
ination of related gene expression. The nuclear staining images
with DAPI (Fig. 7A) indicated that control cells exhibited a very
low proportion of cells with apoptotic nuclear morphology (red
arrows). The number of cells exhibiting apoptotic nuclei
signicantly increased in cultures treated with Trp-AgNPs.
These results reect the impact of Trp-AgNPs on the apoptotic
phenotype of MKN45 cells. Flow cytometry analysis (Fig. 7B)
conrmed a dose-dependent increase in apoptosis among
MKN45 cells treated with silver nanoparticles. The proportion
of apoptotic cells rose from 4.1 ± 1.7% in the untreated control
to 8.1 ± 2.3%, 23.5 ± 2.6%, and 32.3 ± 5.7% at concentrations
of 0.5 (p < 0.05), 1.0, and 1.5 mg mL−1, respectively (p < 0.001
versus control). The data suggest that Trp-AgNPs induce
apoptotic cell death in MKN45 gastric cancer cells in a dose-
dependent fashion.

Flow cytometry analysis showed that Trp-AgNPs induced
signicant apoptosis in MKN45 cells. Previous studies have also
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicated that AgNPs synthesized via Scrophularia striata, or
Phaseolus vulgaris pod extract can induce apoptosis in various
cancer cell lines, including MKN45.48,49 As indicated by the
UPLC-QToF-MS analysis results, the presence of various
compounds was observed on Trp-AgNPs, where potent bioactive
terpenoid compounds were predominant. Numerous previous
studies have shown that compounds such as Gypenoside XI
(compound 11) induce apoptosis in gastric cancer cells HGC-27
and SGC-7901 by inhibiting the AKT/mTOR signaling pathway.50

Hydroxysafflor yellow A has been shown to promote the
expression of Caspase-3, leading to enhanced apoptosis in
HepG2 liver cancer cells.51 Furthermore, Corynoxine
(compound 25), Deoxycholic acid (compound 9), 6-Gingerol
(compound 24), and Chikusetsusaponin IVa (compound 8) have
all been indicated to possess apoptosis-inducing and cell cycle
arrest activities in various types of cancer, such as pancreatic
cancer,52 and colorectal cancer cells.53,54 Notably, Luteoxanthin
(compounds 15), a tetratsuerpenoid present on the rface of Trp-
AgNPs, has previously been shown to reverse anthracycline
resistance in MCF7 breast cancer cells. These ndings further
reinforce the signicance of the 26 identied compounds
regarding the proliferation inhibitory and apoptosis-inducing
roles of Trp-AgNPs against MKN45 gastric cancer cells.
3.8. Trp-AgNPs induces the expression of apoptosis
signaling-related genes

Fig. 8A shows that MKN45 cells treated with 0.5 mg mL−1 (IC50

value) Trp-AgNPs for 24 hours exhibit signicant alterations in
the expression of apoptosis-related genes. The mRNA levels of
Caspase 8, Caspase 3, P21, and CAV1 increased markedly (p <
0.05 and p < 0.01 compared to control), whereas Bcl-2 remained
unchanged, and Caspase 9 was reduced (p < 0.05). The expres-
sion of P21 increased more than ve-fold compared to the
control (p < 0.01), while CAV1 was elevated approximately
eleven-fold (p < 0.01), indicating involvement of these factors in
the cytotoxic response. Immunouorescence images (Fig. 8B
and C) further conrmed a signicant increase in the protein
levels of P21 and CAV1 in Trp-AgNP-treated cells, with the
percentage of P21-positive cells at 65.8 ± 5.6% (versus 2.6 ±

1.0% in the control, p < 0.001) and CAV1 positive cells at 29.7 ±

6.8% (versus 2.8 ± 1.5% in the control, p < 0.001).
In the apoptotic signaling pathway, caspase genes, Bcl-2 and

Bax play a central regulatory role, with extrinsic signaling initi-
ated by Caspase 8, while Caspase 9 regulates the intrinsic
pathway and Caspase 3 executes cell degradation, resulting in
apoptotic morphology.55 The effect of Trp-AgNPs onMKN45 cells
resulted in differential expression of these genes; caspase 9 was
observed to be downregulated, while Caspase 8 and Caspase 3
were markedly upregulated. Enhanced Caspase 8 and Caspase 3
expression has also been identied as a key factor in inducing
apoptotic morphology when treating cancer cells with AgNPs
synthesized from Moringa oleifera leaf extract or Fagonia indica
extract.56,57 The anti-apoptotic role of Bcl-2, mediated by the
inhibition of mitochondrial cytochrome c release that prevents
caspase activation, has been thoroughly investigated.58 Amarked
reduction in Bcl-2 expression was observed in cells treated with
RSC Adv., 2025, 15, 25742–25757 | 25751
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Fig. 7 The effect of silver nanoparticles on apoptosis in MKN45 cells. The cells were treated with silver nanoparticle solution at concentrations of
0.5, 1.0, and 1.5 mgmL−1 for 48 hours, then captured by Nikon Ti2 fluorescentmicroscope (A) (the green arrow indicates cells with normal nuclear
morphology, while the red arrow points to cells exhibiting apoptotic nuclear features), and analyzed by flow cytometry with PI staining (B). The
average percentage of apoptotic cells was calculated based on flow cytometry analysis results (C). Mann–Whitney test, *p < 0.05, *p < 0.001
compared to the control.
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Fig. 8 Effects of Trp-AgNPs on apoptosis-related genemRNA expression and immunofluorescent detection of P21 and CAV1 proteins in MKN45
cells. Cells were treated with Trp-AgNPs at 0.5 mg mL−1 for 24 hours. mRNA expresion of apoptosis realted genes was analyzed by Realtime PCR
(A). P21 protein expression was deteted by immunofluorescence, (B). CAV1 protein expression was deteted by immunofluorescence (C). Mann–
Whitney test, *p < 0.05, **p < 0.01, and ***p < 0.001 versus control.
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Trp-AgNPs, whereas no signicant alteration in Bax gene
expression was detected. Notably, the data obtained from Real-
time PCR analysis revealed a marked increase in gene expres-
sion, with a ve-fold increase for P21 and an eleven-fold increase
for CAV1 compared to controls. This signicant transcriptional
upregulation of P21 and CAV1 was further validated at the
protein level using immunouorescence analysis. Thus, it is
evident that Trp-AgNPs altered the expression of P21 and CAV1
genes. The accumulating evidence indicates that the P21 protein
plays multiple roles in cellular function, most notably in
arresting the cell cycle and preventing DNA damage that can lead
to carcinogenesis. However, recent in vitro and clinical trial
© 2025 The Author(s). Published by the Royal Society of Chemistry
evidence suggests that the excessive expression of P21 induced by
treatment with therapeutic agents such as radiation, MCS-C3 (a
novel analog of pyrrolopyrimidine), and oridonin has promoted
apoptosis in glioblastoma and prostate cancer.59,60 CAV1 is
a multifunctional protein that plays a critical role in maintaining
the structure of the cell membrane by organizing lipids and
cholesterol. Additionally, it is involved in the regulation of
various signaling pathways.61 In cancer cells, decient expression
of CAV1 may promote tumor initiation, whereas increased
expression is oen linked to invasion and metastasis; however,
in other contexts, CAV1 can induce apoptosis and inhibit cancer
cell proliferation.62 Previous reports have indicated that
RSC Adv., 2025, 15, 25742–25757 | 25753
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Fig. 9 Molecular docking interactions and binding poses of compounds with target proteins. (A) The graph shows the MM-GBSA binding free
energy values of 26 compounds with target proteins. (B) 2D and 3D spatial interactions of compounds 16, 17, 12 and 23 with target proteins.
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cordycepin treatment of A549 lung cancer cells induces CAV1
protein overexpression and mediates apoptosis via p-JNK
signaling.63 Similarly, CAV1 overexpression leads to cell cycle
25754 | RSC Adv., 2025, 15, 25742–25757
arrest and apoptosis induction in HL-60 cells of acute myeloge-
nous leukemia treated with oleanolic acid.64 In gastric cancer,
clinicopathological analysis using immunohistochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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staining of tumor tissues has shown that only a small proportion
of patients with primary tumors exhibit CAV1 expression,65

whereas a separate meta-analysis indicates that high CAV1
expression is associated with a favorable prognosis, with signif-
icantly improved overall survival.66 Thus, the overexpression of
both P21 and CAV1 proteins in MKN45 cells treated with Trp-
AgNPs can be considered as factors that promote apoptosis
and inhibit cancer cell proliferation, and further studies using
xenogra animal models will provide additional evidence sup-
porting the therapeutic potential of Trp-AgNPs.
3.9. Compounds on the surface of silver nanoparticles
strongly bind to anti-apoptotic proteins

To further clarify the effects of Trp-AgNPs on the apoptotic
signaling pathway, molecular docking was performed for all 26
identied compounds (Table 2) against a panel of anti-
apoptotic proteins, including Bcl-2, Bcl-W, Bcl-XL, Mcl-1,
XIAP, Survivin, AKT, and mTOR. This analysis aimed to eluci-
date the potential of surface-bound compounds on the silver
nanoparticles to inhibit the activity of these apoptosis-
suppressing proteins. Based on MM-GBSA (kcal mol−1) anal-
ysis (Fig. 9), several compounds exhibited the strongest binding
affinities to the selected target proteins, which are key regula-
tors of apoptosis inhibition. Specically, Compound 16
demonstrated robust binding to Bcl-2 (−54.9 kcal mol−1), Bcl-W
(−64.9) and Mcl-1 (−56.2 kcal mol−1), while Compound 17
revealed a potent binding affinity for Bcl-XL (−88.1 kcal mol−1).
Concurrently, XIAP exhibited optimal binding with compound
12 (−51.1 kcal mol−1). mTOR proteins was strongly inhibited by
compounds 23 and 24, with MM-GBSA values reaching
−56.7 kcal mol−1 and −56.2 kcal mol−1. Survivin and AKT
showed consistently weak binding (MM-GBSA >−30 kcal mol−1)
across all 26 tested compounds. The Bcl-2 gene family (Bcl-2,
Bcl-W, Bcl-XL, and Mcl-1) plays a critical role in preventing
cells from undergoing apoptosis. Current therapies targeting
this protein family are considered a promising strategy to
counteract apoptosis resistance in cancer cells.67 Concurrently,
a recent study demonstrated that targeting other anti-apoptotic
proteins—including AKT, mTOR, XIAP, and survivin with Evo-
diamine signicantly increased apoptosis rates in gastric cancer
cell lines AGS and MKN45.68 Our study identies compounds
16, 17, 12, 23, and 24 as promising candidates due to their
profoundly negative MM-GBSA values, reecting their strong
capacity to form stable complexes with and inhibit the activity
of these target proteins. This molecular docking data, combined
with real-time PCR and immunouorescent analyses of several
pro-apoptotic genes (as shown in Fig. 8), emphasizes that the
biosynthesized Trp-AgNPs encapsulated by natural compounds
from Trevesia palmata extract activated the apoptosis signaling
pathway as a crucial mechanism leading to proliferation inhi-
bition in gastric cancer cells.
4 Conclusion

Silver nanoparticle was successfully synthesized via a green
synthesis approach using Trevesia palmata extract, resulting in
© 2025 The Author(s). Published by the Royal Society of Chemistry
small-sized nanoparticles conjugated with bioactive
compounds from the herbal extract. The natural compounds
present in the extract played a crucial role in reducing Ag+ to Ag0

and simultaneously binding to the nanoparticle surface to form
the snatural compound silver nanoparticle complex Trp-AgNPs.
The fabricated terpenoid-rich Trp-AgNPs exhibited anticancer
efficacy against various cancer cell lines, with the highest
sensitivity observed in MKN45 gastric cancer cells. The
enhanced expression of Caspase 3, Caspase 8, P21, and CAV1
genes, along with the reduced expression of Bcl-2 induced by
Trp-AgNPs, as well as the strong binding of several compounds
on the Trp-AgNPs surface to anti-apoptotic proteins such as the
Bcl-2 protein family, XIAP, and mTOR, as evaluated by molec-
ular docking, is considered the mechanism underlying the
inhibition of cell proliferation in MKN45 cancer cells. Overall,
Trp-AgNPs with have shown potential as an anticancer agent.
However, this study was limited to in vitro evaluations; there-
fore, testing in xenogra mouse models of gastric cancer is
essential in future research to clarify their efficacy and potential
for in vivo and eventual clinical applications.
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4 A. Jenča, D. Mills, H. Ghasemi, E. Saberian, A. Jenča,
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