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Silver nanoparticles (AgNPs) have sparked widespread interest due to their remarkable physiochemical

capabilities, and they are now being used as a beneficial tool in the biomedical field. However, typical

synthesis processes generate dangerous compounds that raise environmental and safety concerns. This

is one of the main reasons for choosing a greener synthesis approach. The BT5 cultivar of green tea,

which is high in phenolic and flavonoid compounds and has strong antioxidant activity (IC50 z 97.8 mg

mL−1), was used in an eco-friendly way to produce AgNPs. The green synthesis approach was confirmed

by the rapid color change (light to dark brown) of AgNO3 solution upon the addition of the BT5 extract.

Several methods were performed to characterize the synthesized BT5-AgNPs, using UV-vis spectroscopy

(lmax = 424 nm), FTIR, DLS, zeta potential (−39.8 ± 0.45 mV), TGA, XRD (crystalline size = 11.25 nm), and

FE-SEM (35 ± 8.36 nm). BT5-AgNPs showed strong antiproliferative properties inimical to Ehrlich-Lettre

ascites carcinoma cells (EAC) of the Swiss albino variety of mice model, with low-concentration

treatment (1 mg kg−1) resulting in 52.15% cell growth inhibition. Fluorescence microscopy using DAPI

staining revealed morphological alterations via heterochromatization and karyorrhexis. Gene expression

analysis revealed upregulation of hallmark genes p53 and BAX and Bcl2 downregulation in the low- and

high-concentration groups, indicating activation of the apoptotic pathway. Most likely due to cytotoxic

effects and altered cellular responses, a higher dosage (5 mg kg−1) resulted in slightly lower efficacy.
Introduction

The use of nanoparticles is increasing exponentially worldwide
because of their versatile use in industry, technology, and
medicine. Their unique properties, including their greater
surface-to-volume ratio, greater surface energy, and specic
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mechanical, thermal, electrical, magnetic, and optical charac-
teristics, make them versatile for a wide range of applications
and have enormous potential.1 They can be created through
various techniques, primarily categorized into top-down
approaches, which involve breaking down larger materials,
and bottom-up methods, where nanoparticles are synthesized
from atomic precursors. Synthesis techniques can also be
categorized based on the methodology employed: physical,
chemical, or biological.2 Although physiochemical reactions are
the most efficient methods for nanoparticle synthesis, several
other techniques like thermal, radiation/sono chemical,
microwave-assisted, chemical reduction, and electrochemical
processes are also used. However, numerous hazardous
substances that are harmful to the environment and human
health are regularly used in these procedures. Therefore, there
is an increasing interest in biological approaches that do not
involve the use of harmful chemicals or the formation of toxic
byproducts. Among these, extracts prepared from plant leaves,
seeds, roots, and stems are widely used in the production of
green nanomaterials because they commonly contain poly-
saccharides, polyphenols, avonoids, or alkaloids capable of
functioning as agents of capping and reduction, facilitating the
Nanoscale Adv., 2025, 7, 3375–3386 | 3375
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creation and preventing the agglomeration of nanoparticles.
They are also usually harmless and biodegradable.3,4

Among the numerous types of metal-based nanoparticles,
silver nanoparticles (AgNPs) have garnered signicant interest
over the years because of their distinctive physicochemical
characteristics, which include chemical stability, good
conductivity and antifungal, antiviral, antibacterial, and cata-
lytic activities.5 In recent years, the green synthesis of silver
nanoparticles (AgNPs) has garnered noteworthy attention for its
numerous advantages. Among the various biological methods,
plant-based synthesis has emerged as a particularly promising
approach that offers simplicity, scalability, and environmental
sustainability. Plant extracts are rich inmetabolites, e.g., sugars,
proteins, and various phytochemicals like terpenoids, poly-
phenols, alkaloids, and phenolic acids aid greatly in silver ion
reduction (Ag+) to metallic silver (Ag0). The diverse and abun-
dant phytochemicals present in these extracts not only act as
reducing agents but also stabilize the nanoparticles, making
plant-based synthesis a highly effective and eco-friendly
alternative.6–8 The tea plant, Camellia sinensis (L.) O. Kuntze
has been a coveted source of non-alcoholic, caffeine-containing
beverages since ancient times, with its origins tracing back to
ancient China. Originally used as a medicinal drink, tea has
evolved into a luxury beverage over the past 3000 years. Among
the various tea varieties, green tea has gained considerable
popularity in recent years because of its exceptional medicinal
properties, including high antioxidant content. Green tea is
known for its ability to promote intestinal health by supporting
the propagation of benecial microora and safeguarding
cellular and tissue systems from oxidative damage. Thus, green
tea is an excellent oxygen-free radical scavenger. It also exhibits
strong anti-inammatory, antioxidant, and immune-boosting
properties. From various notable epidemiological studies, the
consumption of green tea can be further linked to a diminished
risk of certain cancers, including those of the stomach, oral
cavity, esophagus, and lungs.9,10 In favor of its production
process, green tea is notable for its high concentration of tea
polyphenols and other antioxidant compounds, including gallic
acid, epigallocatechin gallate, and other catechins.11 Prior
studies have emphasized the potential of green tea phyto-
chemicals as highly effective reducing and stabilizing compo-
nents in AgNP synthesis.12–14 The hydroxyl groups (–OH) and
carboxyl (–COOH) present in these polyphenols and other
phytochemical compounds facilitate the reduction of Ag+ ions,
leading to AgNP synthesis.

In 1994, a remarkable breakthrough in nanoparticles was
achieved with the advent of ‘Oncaspar’, a unique nanomedicine
approved by the FDA for the treatment of Acute Lymphoblastic
Leukemia by Servier Pharmaceuticals, followed by the approval
of Doxil in 1995 by Janssen for the same indication. Since then,
nanoparticles have gained importance in the development of
anticancer drugs, enhancing the efficacy of existing chemo-
therapeutic agents, enabling targeted drug delivery, and over-
coming drug resistance.15–18 In recent years, green tea has
gained attention for its health-promoting properties, which are
largely attributed to green tea polyphenols (GTPs), namely
catechin, epicatechin, epigallocatechin, epicatechin-3-gallate
3376 | Nanoscale Adv., 2025, 7, 3375–3386
(ECG), and epigallocatechin-3-gallate (EGCG). Several studies
have demonstrated the potential of GTPs to prevent carcino-
genesis and suppress the proliferation of various malignant
cells.19–21

In this study, AgNPs were synthesized using BT5 extract
(green tea) as both a reducing and capping agent. A compre-
hensive characterization of the synthesized AgNPs was per-
formed using a broad spectrum of techniques, including UV-vis
spectroscopy to conrm nanoparticle formation, Dynamic Light
Scattering (DLS) and zeta potential analysis to evaluate particle
surface charge and size, Fourier-Transform Infrared Spectros-
copy (FTIR) to identify functional groups associated with
synthesis, Thermogravimetric Analysis (TGA) to evaluate
thermal stability, X-ray Diffraction (XRD) to evaluate crystal
structure evaluation, Field Emission Scanning Electron
Microscopy (FE-SEM) and Energy Dispersive X-ray (EDX) to
evaluate elemental and morphological composition. To explore
potential biomedical applications, the anti-cancer activity of
AgNPs was evaluated in a mouse model bearing Ehrlich-Lettre
ascites carcinoma (EAC) cells. Further studies will investigate
the impact of AgNPs on apoptosis-related gene expression,
specically analyzing the levels of p53, Bax, and Bcl2 in cancer
cells.
Materials and methods
Materials

Dried leaves of BT5, a green tea cultivar (Camellia sinensis L. O.
Kuntze), were procured from the Bangladesh Tea Research
Institute (BTRI), Srimangal, Bangladesh, which is located at an
altitude of 21.95 meters above the mean sea level. The
remaining chemicals, i.e., silver nitrate, ethanol, and methanol,
were purchased from Sigma Aldrich, USA.
Phytochemical and antioxidant analysis of BT5 cultivar

The plant material was analyzed to determine its bioactive
compounds and antioxidant properties. The Total Phenolic
Content (TPC) of the BT5 ethanolic extract was quantied by
employing the Folin–Ciocalteu method22 with Gallic acid as the
standard, while absorbance was recorded at 765 nm. A cali-
bration curve (ESI, Fig. S1†) was generated using the equation y
= 0.0039x + 0.0318 (R2 = 0.9986). Using the aluminium chloride
colorimetric assay,23 the total avonoid content (TFC) of the BT5
ethanolic extract was measured. Absorbance was detected at
415 nm using quercetin as the standard. The calibration curve
was linear (ESI, Fig. S2†), with the equation y = 0.0061x + 0.13
(R2 = 0.9109). The free radical scavenging property was inves-
tigated via 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) assay24

to quantify its ability to neutralize reactive oxygen species and
calculated using the equation %RSA = ((Ac − As)/Ac) × 100.
Using ascorbic acid as the standard, absorbance was recorded at
517 nm. The IC50 value, representing the concentration
necessary to completely scavenge 50% of free radicals, was
calculated from the linear regression equation y = 0.0945x +
40.755 (R2 = 0.8408).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Further, specic phytochemical identication of the BT5
cultivar was performed via high-performance liquid chroma-
tography (HPLC) (UltiMate 3000, DIONEX, Thermo SCIEN-
TIFIC, Waltham, MA, USA) using a variable wavelength detector
(VWD). As the non-polar stationary phase for HPLC, a C18
(Phenomenex, CA, USA) column was utilized (Particle size: 5
mm, pore size: 300 Å, dimension: 250 mm × 10 mm). Solvent A
consisted of 0.1% triuoroacetic acid (TFA) and 99.9% H2O,
whereas solvent B contained 100% acetonitrile and 0.1% TFA in
the mobile phase. Data processing was performed using
Chromeleon™ 6.8 soware.

Preparation of the BT5 extracts

Dried BT5 leaves were pulverized, and 5 g of the resulting
powder was boiled in deionized water (100 mL) at 60 °C for 30
minutes. Aer cooling, the concoction was passed through
a lter paper (Whatman no. 1). A rotary evaporator (SENCO
Technology Co., Ltd, Shanghai, China) was used for condensa-
tion of the collected ltrate and a vacuum oven for subsequent
drying at 60 °C. The dried extract was ground using a mortar
and pestle and stored in a freezer for future use as an agent to
stabilize and reduce AgNP synthesis.

Green synthesis of BT5-AgNPs

A 450 mL solution of 5 mM silver nitrate (AgNO3) was prepared
in a beaker and placed on a hot plate magnetic stirrer (XMTD-
702, China). Simultaneously, 50 mL of BT5 (green tea) extract
was dissolved in deionized water (at 1 mg mL−1 concentration).
Once the AgNO3 solution reached 70 °C, the BT5 extract was
gradually added to the beaker. The addition resulted in
a notable color change from clear to brown, indicating that the
silver ions were reduced to silver nanoparticles (Fig. 1). The
mixture was stirred for an extended period of 20 minutes before
being covered and stored in a dark place for 24 hours to stabilize
the nanoparticles.

Centrifugation of the colloidal suspension was performed at
12 000 rpm at 4 °C for 20 minutes; the pellet obtained was
washed thrice with ddH2O and once with 100% ethyl alcohol
using the centrifugation technique (Z36 HK, HERMLE
Fig. 1 Synthesis of AgNPs using green tea extract from BT5 cultivar.
5 mM AgNO3 reduced using BT5 green tea extract and the color
changes into dark brown indicating the formation of BT5-AgNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Labortechnik GmbH, Wehingen, Germany). The puried
nanoparticles were dispersed in deionized water (50 mL). A
portion of the colloidal suspension was stored at 4 °C to assess
its biological activity, whereas the rest of the suspension was
vacuum-dried for biophysical characterization.
Characterization of the synthesized BT5-AgNPs

UV-visible spectroscopy. The formation of BT5-AgNPs was
conrmed by recording the UV-visible spectrum using a spec-
trophotometer (Genesys 150, Thermo Fisher Scientic, Wal-
tham, Madison, USA). The precursor solution (5 mM AgNO3)
and the BT5 extract (1 mg mL−1) were also analyzed. Spectral
measurements were conducted in the wavelength range of 300–
700 nm to identify the characteristic absorption peaks associ-
ated with the silver nanoparticles.

Dynamic light scattering (DLS). A particle size analyzer
(Horiba analyzer, SZ-100, Kyoto, Japan) was used to determine
the polydispersity index (PDI) along with the size distribution of
the synthesized BT5-AgNPs. The colloidal dispersion was
analyzed at 25 °C using DLS at a scattering angle of 90°. This
method provided insights into the size and distribution of the
nanoparticles.

Zeta potential. The zeta potentials of the synthesized BT5-
AgNPs were measured using a Horiba SZ-100 analyzer (Kyoto,
Japan). The analysis was performed to evaluate the stability of
the colloidal nanoparticles in suspension and their surface
charges.

Fourier-transform infrared (FTIR). Surface functional group
identication of the synthesized AgNPs was completed using
FTIR spectroscopy (PerkinElmer Spectrum 100, Shelton, CT,
USA). FTIR spectra (4000–225 cm−1) were recorded for both the
BT5 extract and the BT5-AgNPs to identify functional groups
involved in the synthesis. Background correction was achieved
using a pure KBr pellet.

Thermogravimetric analysis (TGA). TGA was performed on
both the BT5 extract and the synthesized BT5-AgNPs using
a Simultaneous Thermal Analyzer (PerkinElmer STA 8000,
Shelton, Connecticut, USA). The samples were heated at
a controlled rate of 10 °C per minute under a nitrogen atmo-
sphere. This inert nitrogen atmosphere prevented the oxidation
of the samples during the heating process, ensuring that any
observed weight loss was due to decomposition or volatilization
of the sample components rather than oxidation reactions.

X-ray diffraction (XRD). The phases of the synthesized BT5-
AgNPs and their crystalline structures were evaluated by XRD
analysis using a Rigaku SmartLab® apparatus (Tokyo, Japan).
The XRD pattern was obtained using Cu Kb 1D radiation,
scanning across a 2q angle range of 5–80°. The analysis was
conducted at an operating voltage of 40 kV and a current of 40
mA.

Field Emission Scanning Electron Microscope (FE-SEM) and
Energy Dispersive X-ray (EDX). The morphology (size and
shape) and elemental composition of the synthesized BT5-
AgNPs were examined by FE-SEM (JSM-7610F, JEOL Ltd,
Tokyo, Japan). This advanced imaging technique yielded high-
resolution images of the nanoparticles, revealing their shape,
Nanoscale Adv., 2025, 7, 3375–3386 | 3377
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size distribution, and surface features. The FE-SEM also
included an energy-dispersive X-ray spectroscopy (EDS) system,
enabling the simultaneous analysis of the elemental composi-
tion, which provided insights into the presence of silver and any
potential impurities.
In vivo experimental model and cell growth inhibition

A group of 24 male Swiss albino mice (8 weeks old, 25 ± 2 g)
reared in the animal holding unit of the Molecular Biology and
Protein Science Lab, Department of Genetic Engineering and
Biotechnology, University of Rajshahi were used as in vivo
experimental model animals. All mice were reared in cages
maintained under ideal experimental conditions (25 °C ± 2 °C)
with a 12 ± 1 hour dark/light cycle. Sufficient water and food
(containing standard nutrients) were provided twice daily.

EAC cells were obtained from the Protein and Enzyme
Laboratory, Department of Biochemistry andMolecular Biology,
University of Rajshahi, Bangladesh.

With a slight modication, the previously reported meth-
odology (Sur & Ganguly) was used to perform an in vivo EAC cell
growth inhibition experiment. For the investigation, four mice
groups (n = 6 for each group) were used. 5 × 106 EAC cells were
injected intraperitoneally into eachmouse. The treatments were
initiated 24 hours aer the injection of EAC cells and admin-
istered every day for ve days. BT5-AgNPs were administered
intraperitoneally to Groups 1 and 2 at doses of 1 mg kg−1 (low-
concentration) and 5 mg kg−1 (high-concentration), respec-
tively. Group 4 was the untreated control and was administered
0.9% NaCl, whereas bleomycin (0.5 mg kg−1) was administered
to Group 3. A 200 mL injection volume was used for all treat-
ments and controls. On the sixth day aer injecting EAC cells,
the experimental subjects were euthanised, and the peritoneal
uid containing the cells was collected by washing the
abdominal space with 1 mL of 0.9% salt solution. The collected
cells were manually counted using a Neubauer haemocytometer
(HBG, Germany) and a laboratory microscope (Optika, Italy).
The efficacy of the treatments was assessed by calculating the
inhibition of cell growth.
Table 1 List of primers used in PCR and real-time PCR reaction
Ethical clearance

The Institutional Animal, Medical Ethics, Bio-safety and Bio-
Security Committee (IAMEBBC) for Experimentation on
Animal, Human, Microbes, and Living Natural Sources, memo
no. 415 (27)/320/IAMEBBC/IBSc, Institute of Biological Sciences,
University of Rajshahi, Bangladesh, granted permission to
conduct this investigation.
Primer name Primer sequence

GAPDH-forward 50-TCATCTCCGCCCCTTCTGC-30

GAPDH-reverse 50-TGCCTGCTTCACCACCTTCTT-30

p53-forward 50-GCGTCTTAGAGACAGTTGACT-30

p53-reverse 50-GGATAGGTCGGCGGTTCATCC-30

BCl2-forward 50-CAGCGGAGGAGGAGAAAGG-30

BCl2-reverse 50-GAATCGGGAGTTGGGGTCTG-30

BAX-forward 50-GCCCACCAGCTCTGAACAGATC-30

BAX-reverse 50-AAGTCCAGTGTCCAGCCCATG-30
Determination of EAC cell growth inhibition

Cell growth inhibition was calculated using the following
formula previously described by Sur and Ganguly:25

% cell growth inhibition ¼
�
1� Tw

Cw

�
� 100

where, Tw =mean number of EAC cells in the treated group. Cw

= mean number of EAC cells in the control group of mice.
3378 | Nanoscale Adv., 2025, 7, 3375–3386
Assessment of apoptosis by DAPI staining

Morphological and nuclear alterations within EAC cells har-
vested from the control and treatment recipient sets of mice
were examined using a uorescence microscope (Olympus iX71,
Hamburg, Germany). The extracted EAC cells (1 mL) were
centrifuged at 4500 rpm (at 4 °C) for 5 minutes in a refrigerated
centrifuge (Z36 HK, HERMLE Labortechnik GmbH, Wehingen,
Germany). The resulting pellet was washed three times with
normal saline (NS), with each wash at 4500 rpm (at 4 °C) for 2
minutes. The washed cells were subsequently stained using 5 mL
of DAPI working solution (prepared from 10 mg mL−1 stock
solution) for 15 minutes at 37 °C temperature in dark condi-
tions, followed by a second centrifugation for 2 minutes at
4500 rpm. The DAPI-stained pellet was resuspended in 200 mL
PBS. Finally, the cells were observed for morphological and
nuclear alterations under a uorescence microscope.

Gene expression analysis

The total RNA content of harvested EAC cells from the treated
and placebo (control) groups was extracted using the Favor-
Prep™ Total RNA Purication Mini kit (Favorgen, Ping Tung,
Taiwan) following the instructions provided by the manufac-
turer. Nanodrop (Thermo Fisher, Madison, USA) was used for
the quality assessment and quantication of RNA.

First-strand complementary DNA (cDNA) synthesis was per-
formed using the TIANScript M-MLV (TiangenR, Beijing, China)
protocol. Two steps were involved in the reaction. In 15 mL of
total reaction volume, RNA was rst combined with oligo(dT)
primers and dNTPs (ESI, Table ST1†). The reaction mixture (3–5
mL) was then incubated in 20 mL of nal reaction volume withM-
MLV Reverse Transcriptase (RT) and 5× First-Strand Buffer (ESI,
Table ST2†). The reaction mixture was electrophoresed using
1% agarose gel and stained with ethidium bromide to ensure
the synthesis of cDNA.

Primers for the target genes (p53, BAX, BCl2) and the refer-
ence gene (GAPDH) were designed using Primer3 soware,
ensuring optimal length (18–30 nucleotides), melting temper-
ature (Tm) between 50 °C and 60 °C and GC content (40–60%).
The primers were cross-checked for specicity using an Oligo
analyzer to avoid non-specic binding. The primer sequences
are presented in Table 1.

Real-time polymerase chain reaction (RT-PCR) was con-
ducted using GoTaq qPCR Master Mix (Promega Corporation,
USA) on a qTower3 G real-time PCR system (Analytik Jena,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preparation of BT5-AgNPs. (A) Preheated AgNO3 solution
before adding BT5 extract and (B) drastic colour change into dark
brown after adding BT5 water extract.
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Germany). The reaction mixtures had a nal volume of 20 mL,
which contained 1 mL of cDNA template (10 times diluted), 10
mL of GoTaq qPCRMaster Mix, 1 mL of forward primer (10 mM), 1
mL of reverse primer (10 mM), and 7 mL of nuclease-free water. A
thermal cycler equipped with real-time detection was used for
the amplication under the following conditions: initial dena-
turation for 3 minutes at 95 °C, 45 denaturation cycles for 15
seconds at 95 °C, annealing for 15 seconds at the primer-
specic temperature, and extension for 20 seconds at 60 °C.
The 2−(DDCt) method26 was employed to calculate relative gene
expression levels using Microso Excel.

Statistical analysis

A mean± SD has been used to express the experimental results.
To determine statistical signicance, data were calculated using
the ANOVA method in Microso Excel and GraphPad Prism 8.
The p-value was required to be lower than 0.05 for a difference
to be considered statistically signicant. GraphPad Prism 8 and
Origin2024b were used for the graphical presentation of data.

Result and discussion
Phytochemical and antioxidant properties of BT5 cultivar

The BT5 cultivar of green tea exhibited signicant phytochem-
ical and antioxidant properties, highlighting its potential as
a viable nanoparticle synthesis agent. The BT5 extract had a TPC
of 133.73 mg mL−1 (133.73 mg per g dry weight) and a TFC of
102.19 mg mL−1 (102.19 mg per g dry weight). The extract
exhibited a concentration-dependent increase in antioxidant
activity. At 12.5 mg mL−1, the scavenging activity was 34.31%,
which increased to 73.86% at 400 mg mL−1. The estimated IC50

was approximately 97.8 mg mL−1, suggesting moderate antioxi-
dant activity (ESI, Fig. S3 and S4†). The HPLC analysis of the BT5
extract revealed signicant peaks within the 9 to 12 minute
retention time window, suggesting the presence of key poly-
phenolic compounds (Fig. 2). These peaks are linked to EGC
and catechin, based on comparisons with recognized retention
times.27
Fig. 2 HPLC chromatogram of methanolic leaf extract of BT5 tea genoty
absorbance. Kromasil 100 C18 5m 25 × 0.46 column was used to run the
mL min−1

flow rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Preparation of BT5-AgNPs

The AgNO3 solution was initially colorless, but upon gradual
addition of the light brown BT5 green tea extract, the solution
drastically turned dark brown, indicating the formation of
colloidal AgNPs (Fig. 3). The compounds, which are mostly
polyphenols present in the BT5 extract, help to form AgNPs
from silver ions by donating electrons and acting as a stabilizing
agent. Following visual conrmation, UV-vis, DLS, zeta, FT-IR,
TGA, XRD, FE-SEM, and EDX were used to characterize BT5-
AgNPS.13

Characterization of BT5-AgNPss

UV-visible spectroscopy analysis. A unique property of AgNPs
is called localized surface plasmon resonance (LSPR). This
means that they absorb light in the visible range, typically
between 392 nm and 492 nm, creating a distinct peak.28 The
synthesized BT5-AgNPs were characterized using UV-vis spec-
troscopy to conrm their optical properties. The maximum
absorbance (lmax) was 424 nm (Fig. 4), conrming the forma-
tion of AgNPs. BT5 extract (blue line) and AgNO3 solution (red
line) do not show any signicant absorbance, indicating that no
AgNPs are present in the extract and that the Ag+ ions have not
yet reduced to AgNPs, respectively (Fig. 4). Previous studies re-
ported that silver nanoparticles synthesized using green tea
extracts exhibited UV-vis absorption peaks ranging from 400 to
pe at 280 nm. The x axis denotes retention time and the Y axis denotes
sample with water as solvent A and 80% acetonitrile as solvent B at 1
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Fig. 4 Prominent peak between 400–500 nm on the UV-visible
spectrum indicates BT5-AgNPs formation (green line) and compares
with BT5 plant extract (blue line) and AgNO3 solution (green line).

Fig. 5 DLS illustration shows a distribution of particle sizes, with the
diameter on the x-axis and the frequency of that diameter on the y-
axis.
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490 nm, depending on particle size, shape, and synthesis
conditions, as summarized in Table 2.

Dynamic light scattering (DLS). The DLS analysis revealed
that the synthesized BT5-AgNPs exhibited a polydisperse size
distribution (Fig. 5). The hydrodynamic diameter, or Z-average,
was 407.9 nm (ESI, Table ST3†), greater than the size deter-
mined by FE-SEM (Fig. 10) because surface capping agents and
solvation layers were present. The PDI of 0.329 indicates that
the nanoparticles vary in size, implying that the sample has
a generally uniform size distribution with acceptable quality for
colloidal solutions (Fig. 5). Since a colloidal solution is
considered “acceptable” if its PDI is less than 0.50, the BT5-
AgNPs colloidal solution satises this requirement.36,40

Zeta potential. The colloidal stability of the amalgamate BT5-
AgNPs was determined using zeta potential analysis, which
resulted in a value of −39.8 ± 0.45 mV (Fig. 6). Commonly,
nanoparticles with zeta potential values higher than±30mV are
regarded as highly stable, whereas those between ±20 and ±30
are moderately stable.32,36,37 The negative zeta potential (−39.8±
Table 2 Absorbance characteristics of AgNPs synthesized from green te
their lmax value and associated FTIR absorption bands. The references o

lmax

(nm) FT-IR peak frequencies (cm−1)

435 3440.90, 2362.488, 1641.11, 2085
420 3439, 1630,1384
447 3280, 2912, 1630, 1533, 1373, 12
410 3440, 2913, 1630, 1392, 1044
424 3425.58, 2360.87, 1631.78, 1382.
479 3434, 1630, 1021
470 3315, 1634
410 3689.8, 2924.09, 1634, 1238.9, 17
434 3333, 1634, 1403, 1247.9, 1058.3
415 3411, 2916, 1743, 1107, 800, 406
263 3421.72, 2937.32, 2358.94, 1643.
421 3455, 1638
420 3435, 2923, 1040, 825, 610

3380 | Nanoscale Adv., 2025, 7, 3375–3386
0.45 mV) observed in this study is attributed to the adsorption
of negatively charged biomolecules (ESI, Table ST4†), most
likely polyphenols (predominantly catechin)12,32,41,42 from BT5
extract, which acts as agents of reduction and capping.

Fourier-transform infrared (FTIR). FTIR spectroscopy was
used to conrm the formation of BT5-AgNPs and to identify the
functional groups involved in the reduction and stabilization
processes. The FTIR spectrum of the BT5 extract (red line in
Fig. 7) exhibited several distinct peaks. A broad signal at
3251 cm−1 corresponds to O–H stretching vibrations, indicating
that hydroxyl groups are generally detected in phenolic
compounds. The peak at 2940 cm−1 is attributed to the C–H
stretching vibrations of aliphatic compounds. Peaks at
1677 cm−1 and 1627 cm−1 represent the stretching vibrations of
carbonyl (C]O) and alkene or aromatic (C]C) groups,
respectively, which are characteristic of avonoids and poly-
phenols present in the green tea extract. Additionally, peaks at
1224 cm−1, 1125 cm−1, and 1050 cm−1 correspond to the C–O
stretching vibrations of ether (–C–O–C–) or alcohol (–C–OH)
groups, while peaks at 1448 cm−1 and 1360 cm−1 are related to
a extracts. The table summarizes previously reported data highlighting
f each data have been cited in the third column

References

.86, 466.88 29
30

48, 1016, 775 31
32

96, 1072.42, 829.39, 596 33
34
13

01, 1043, 761.8 12
, 555.12 35

36
35, 1369.46, 1037.70 37

38
39

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Graph showing the zeta potential values of the synthesized
BT5-AgNPs, indicating that the synthesized particles are highly stable
and negatively charged.
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the CH2 and CH3 bending vibrations of aliphatic compounds.
These functional groups collectively conrm the bioactive
molecules present in the BT5 extract and act as reducing and
capping agents to convert Ag+ ions to silver nanoparticles and
stabilize them, thereby ensuring their colloidal stability.

The FTIR spectrum of the BT5-AgNPs (Fig. 7, blue line)
revealed shis in several key vibrational peaks compared with
the BT5 extract (Fig. 7, red line), conrming the involvement of
these functional groups in nanoparticle synthesis. The broad
O–H stretching peak at 3251 cm−1 in the extract deviated to
3445 cm−1 in the BT5-AgNPs, consistent with the detected
phenolic compounds and aromatic alcohols. Aliphatic C–H
Fig. 7 Comparison of FT-IR spectra between BT5 plant extract (red line) a
extract attached to the BT5-AgNPs surface during synthesis and causes

© 2025 The Author(s). Published by the Royal Society of Chemistry
stretching was observed at 2932 cm−1. Aromatic C]C stretch-
ing vibrations were evident at 1634 cm−1. Further peaks at
1390 cm−1 and 1054 cm−1 were assigned to aromatic C–H
bending and C–O stretching (ether linkage), respectively. The
emergence of a new peak at 548 cm−1 is accredited to Ag–O
stretching vibrations,29,33,35,39 providing strong evidence for the
interaction between the silver nanoparticles and the functional
groups of the BT5 extract. These ndings are consistent with
previous reports on silver nanoparticle synthesis using green
tea extract (Table 2).12,13,29–39

Thermogravimetric Analysis (TGA). TGA analysis of the BT5
extract (Fig. 8A) showed initial weight loss (<120 °C) due to
moisture and volatile compounds, followed by signicant
weight loss (25.86% between 210–330 °C and 12.27% between
330–450 °C) attributed to the degradation of organic compo-
nents (polyphenols, carbohydrates, proteins, lipids). The TGA of
the BT5-AgNPs (Fig. 8B) demonstrated a slight initial weight
loss (<200 °C) from moisture, followed by a gradual weight loss
(33.57% between 200–720 °C), likely due to the combustion of
organic aromatic compounds that might be capping or stabi-
lizing the BT5-AgNPs. No further weight reduction was detected
above 720 °C, indicating that the remaining 61.32% of particles
were accredited to the presence of metallic silver. There was
a considerable amount of organic material from the BT5 extract
in the nished product, as the TGA data showed that the tea
components in the synthesized BT5-AgNPs were responsible for
about 39% of the weight reduction.32,43

X-ray diffraction (XRD). The XRD analysis conrmed the
crystalline structure of the BT5-AgNPs. The XRD patterns of the
nd BT5-AgNPs (blue line) indicates the biomolecule present in the plant
the reduction of silver salt.

Nanoscale Adv., 2025, 7, 3375–3386 | 3381
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Fig. 8 Physical changes in BT5 green tea extract in response to different conditions. (A) TGA image showing the weight loss of BT5 green tea
extract with temperature. (B) TGA image showing the weight loss of BT5-AgNPs with temperature.
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dried BT5-AgNP samples (Fig. 9) revealed distinct peaks corre-
sponding to the silver crystal lattice planes (111), (200), (220),
and (311), conrming a face-centered cubic (FCC) crystal
structure. These results indicate the formation of cubic-shaped,
single-phase silver nanoparticles with no detectable presence of
silver oxide (Ag2O) or silver chloride (AgCl). This conrms the
successful synthesis of pure AgNPs using BT5 green tea extract
as a reducing and stabilizing agent and conrms prior research
ndings.13,33,34,36,37 The average crystalline size (D) of the
synthesized BT5-AgNPs was calculated using the Debye–Scher-
rer equation and was found to be 11.25 nm.

Crystalline sizeðDÞ ¼ Kl

b cos q
Fig. 9 XRD peak of BT5-AgNPs corresponding to the silver lattice planes
cubic-shaped, single-phase BT5-AgNPs.

3382 | Nanoscale Adv., 2025, 7, 3375–3386
where K denotes the shape factor (0.9 for spherical particles), l
denotes the X-ray wavelength (0.1546 nm), while b denotes the
full width at half maximum (FWHM) of the diffraction peak in
radians, and q is Bragg's angle. The crystalline sizes of all planes
are given in Table 3.

Field Emission Scanning Electron Microscope (FE-SEM) and
Energy Dispersive X-ray (EDX). The size, size distribution,
shape, and elemental composition of the synthesized BT5-
AgNPs were determined by FE-SEM examination. The
morphology of the synthesized particles was studied, and the
particle shape was mostly spherical; some were irregular, with
an average size of 35 ± 8.36 nm (Fig. 10). The weight percent-
ages (W%) of silver, carbon, nitrogen, and oxygen were 61.44,
13.27, 7.71, and 17.58, respectively (Fig. 11). The high
(111), (200), (220) and (311), indicating that the synthesized particles are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Crystalline sizes of planes

Sl. no.
Planes
(hkl) 2q Sin(q) Cos(q)

FWHM
(b) radians

Inter-planar
spacing (d)

Lattice
constant (a)

Cell
volume (a3)

Crystalline
size (D) (nm)

1 111 37.94733 0.325134 0.945668 0.011402 2.36917 4.103523 69.098808 12.86
2 200 44.25451 0.376665 0.92635 0.023651 2.04504 4.09008 68.421944 6.33
3 220 64.34297 0.532455 0.846458 0.013251 1.44669 4.091857 68.511175 12.36
4 311 77.27808 0.624412 0.781095 0.013207 1.23364 4.091521 68.494288 13.44

Fig. 10 SEM images of BT5-AgNPs. (A) At 50 000magnifications, (B) at
100 000 magnifications, (C) determination of particle size using Image
J software, and (D) corresponding size distribution histograms of BT5-
AgNPs.

Fig. 11 EDX spectra showing the elemental compositions of the
synthesized BT5-AgNPs.
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abundance of silver (61.44%) conrms the presence of silver
nanoparticles in the sample, consistent with the observations of
the TGA thermographs. The presence of carbon, nitrogen, and
oxygen suggests the presence of organic molecules in the BT5
extract, which is used as a reduction and capping agent. The
absorption peak for Pt can be attributed to the platinum-coating
used in sample preparation before SEM/EDX analysis.
Fig. 12 Bar chart illustrating cell growth inhibition (%) of EAC cells at
different dosages (mg kg−1 of body weight per day). The standard
dosage (bleomycin) shows the highest inhibition, followed by the low-
concentration dosage. The high-concentration dosage exhibits the
lowest inhibition. The error bars represent the standard deviation.
Anti-proliferative activity of synthesized BT5-AgNPs on EAC
cells

Based on these ndings, the antiproliferative activity of BT5-
AgNPs was determined. The synthesized BT5-AgNPs were sub-
jected to experimentation to determine their capacity to reduce
cancer cell proliferation using EAC cells induced in Swiss albino
mice as a cancer model. Following six days of therapy, both the
low-concentration dosage (1 mg kg−1 of body weight per day)
and high-concentration dosage (5 mg kg−1 of body weight per
day) treatment groups inhibited EAC cell development, with the
low dose showing signicant outcomes. The concentrations
(1 mg kg−1 and 5 mg kg−1 body weight per day) reported for
BT5-AgNPs represent the concentration of the entire nano-
particle formulation (i.e., the total weight of nanoparticles).
Specically, the low-dose group achieved 52.15% inhibition of
cancer cell proliferation compared with 22.91% inhibition
observed in the high-dose group (Fig. 12). The chemothera-
peutic drug bleomycin was deliberately selected as a positive
© 2025 The Author(s). Published by the Royal Society of Chemistry
control at a standard therapeutic dosage of 0.5 mg kg−1 body
weight per day based on established literature and clinical
usage guidelines. Although this dosage differs from the nano-
particle concentrations tested, bleomycin's purpose was solely
to serve as a validated reference point for its effective anti-
proliferative activity.44 The standard drug exhibited 81.59%
suppression of EAC cell growth. The reduced efficacy observed
at higher BT5-AgNP concentrations may be attributed to cyto-
toxic effects or altered cellular responses, highlighting the need
for further optimization.

Our ndings align with earlier research, which demon-
strated the anticancer efficacy of green tea extract-mediated
AgNPs against EAC cells in vivo and enhanced therapeutic
potential with minimum toxicity.45,46 Many other studies have
highlighted the broad-spectrum chemotherapeutic activity of
green tea-mediated AgNPs against MCF-7, HeLa, Hep-2, A549,
KB3, AGS, and NTERA-2.31,47,48
Nanoscale Adv., 2025, 7, 3375–3386 | 3383
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Fig. 13 (A) Fluorescence microscopic view of the control shows that the cells are intact and have no signs of apoptosis, (B) fluorescence
microscopic view of EAC cells for low-dose treated mice displayed that the cells are going through apoptosis, and (C) fluorescence microscopic
view of EAC cells for high-dose treated mice displayed that the cells are going through apoptosis.
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Detection of apoptosis EAC cell by DAPI staining

To further investigate the mechanism underlying the anti-
proliferative activity of BT5-AgNPs, DAPI staining was employed
to determine whether EAC cells are undergoing apoptotic trans-
formation or not. Fluorescence microscopy revealed notable
differences between untreated control and treated cells. The
control cells had a normal, rounded appearance with homoge-
neous nuclear staining (Fig. 13A). Cells treated with BT5-AgNPs
(low-dose group and high-dose group) exhibited apoptotic
Fig. 14 Bar chart showing a fold change in the expression of p53 (A), BA
treatment compared to an untreated group. Error bars represent the stan
to the untreated group (p < 0.05).

3384 | Nanoscale Adv., 2025, 7, 3375–3386
characteristics such as heterochromatization, Karyorrhexis, bleb
formation on the membrane, and shrinkage of cells (Fig. 13B and
C). These structural alterations represent signs of apoptosis,
a process of controlled cell death that rids the body of undesired
or damaged cells while sparing healthy tissue.
Expression of p53, BAX and Bcl2 gene analysis

The total RNA content extracted from the recipient EAC cells of
treatment and placebo showed high purity and integrity (ESI,
X (B), and Bcl2 (C) in EAC cells with low and high doses of BT5-AgNPs
dard deviation. (*) indicate statistically significant differences compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. S5 and Table ST5†). cDNA synthesis (ESI, Table ST6†) and
RT-qPCR were conducted according to the protocol presented in
the methodology. The 2−(DDCt) method26 was used to quantify
relative gene expression by normalizing data to a reference gene
(GAPDH in this study).

The gene expression analysis revealed a dose-dependent
modulation of the apoptotic pathway. p53 expression was upre-
gulated 10 times in the low-dosage recipient group and 8 times in
the high-dosage recipient group, suggesting activation of the
intrinsic apoptotic pathway. Similarly, BAX, a pro-apoptotic gene,
was upregulated 3 times in the low-dosage recipient group and 2.5
times in the high-dosage recipient group, thereby enhancing pro-
apoptotic signalling. The anti-apoptotic gene BCl2 was down-
regulated 0.53 times in the low-dosage recipient group and 0.84
times in the high-dosage recipient group, reecting reduced anti-
apoptotic defences (Fig. 14). These results demonstrate that low-
dose therapy promotes apoptosis better than high-dose therapy
through the upregulation of p53 and BAX and downregulation of
BCl2. This supports the notion of dose-dependent effects of
nanoparticles in cancer therapy, as observed in previous studies.47

Conclusion

This study used BT5 extract, a commercial green tea cultivar from
Bangladesh, to synthesize silver nanoparticles (BT5-AgNPs) using
an eco-friendly, green approach. Before synthesis, the BT5 extract
was analysed, revealing signicant amounts of bioactive
compounds, such as total phenolics, avonoids, and demon-
strating strong antioxidant activity. These bioactive components
are believed to contribute to the reduction and stabilization of
silver ions during synthesis. The synthesized BT5-AgNPs were
characterized using FE-SEM, EDX, XRD, FTIR, UV-vis spectros-
copy, DLS, zeta potential, and TGA techniques to conrm their
size, elemental composition, crystalline structure, PDI, hydrody-
namic diameter, and surface charge. The FT-IR results indicated
that the green-synthesized BT5-AgNPs displayed similar diffrac-
tion peaks and chemical functional groups as the BT5 extract,
suggesting the involvement of phytochemicals in reducing Ag+ to
AgNPs. Furthermore, BT5-AgNPs exhibit enhanced thermal
stability compared with green tea extract. The antiproliferative
activity of the synthesized BT5-AgNPs was assessed in an experi-
mental tumor model. The results demonstrate signicant inhibi-
tion of cell growth and apoptosis-inducing ability. Expression
analysis revealed a dose-dependent modulation of key apoptotic
genes, including downregulation of BCl2 and upregulation of p53
and BAX, further supporting their potential as natural therapeutic
agents for cancer treatment.
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42 M. Flores-González, M. Talavera-Rojas, E. Soriano-Vargas
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