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Abstract

Recent advances in green nanotechnology have enabled the development of plant-mediated silver nanoparticles (AgNPs)
as promising anti-cancer agents. This study characterizes AgNPs biosynthesized using aqueous extracts of three medicinal
plants—Humulus lupulus (hops), Inula viscosa, and Olea europaea (olive)—and evaluates their cytotoxic effects against
Saos-2 osteosarcoma and MCF-7 breast cancer cell lines. Ultraviolet—Visible Spectroscopy (UV-Vis) confirmed nanoparticle
formation through characteristic surface plasmon resonance (SPR) peaks (400-420 nm), while scanning electron micros-
copy revealed spherical particles (30-70 nm) with moderate aggregation. Additionally, X-ray diffraction (XRD) analysis
confirmed the crystalline nature of the synthesized silver nanoparticles. The viability assay demonstrated significant dose-
and time-dependent cytotoxicity, with I. viscosa-AgNPs showing particularly strong effects. Comparative analysis revealed
plant-synthesized AgNPs exhibited enhanced biocompatibility and selective toxicity compared to chemically synthesized
counterparts. The green synthesis approach employed in this study not only eliminates toxic chemical reductants but also
enhances therapeutic potential through synergistic phytochemical-nanoparticle interactions. These results position plant-
mediated AgNPs as a sustainable and effective alternative for targeting aggressive cancers like osteosarcoma and hormone-
resistant breast cancer. The study highlights the importance of integrating traditional medicinal knowledge with modern
nanotechnology for developing novel cancer therapeutics.
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1 Introduction represent two particularly aggressive forms that pose signifi-
cant therapeutic challenges. Osteosarcoma, the most com-

Cancer continues to be one of the most formidable health ~ mon primary bone tumor, predominantly affects adolescents

challenges of our time, accounting for nearly 10 million
deaths globally in 2020 alone [1]. Among the diverse array
of malignancies, osteosarcoma (OS) and breast cancer
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and young adults, with a propensity for early pulmonary
metastasis and poor survival rates in advanced stages [2].
Despite multimodal treatment approaches combining surgery
and chemotherapy, the 5-year survival rate for metastatic OS
remains dismally low at 20-30% [3]. Similarly, breast cancer
maintains its status as the most frequently diagnosed can-
cer in women worldwide, with hormone receptor-positive
subtypes like MCF-7 accounting for approximately 70% of
cases [4]. While significant advances have been made in
targeted therapies, the emergence of treatment resistance
and the debilitating side effects of conventional chemother-
apeutics underscore the urgent need for novel therapeutic
strategies [5]. In this context, nanotechnology has emerged
as a revolutionary approach in cancer therapeutics, offer-
ing solutions to many limitations of traditional treatments
[6]. Biosynthesized nanoparticles promise a therapeutic
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revolution, offering targeted cancer drug delivery systems,
potent antimicrobial effects, and reduced toxicity—paving
the way for safer and more efficient treatments. As targeted
drug carriers, nanoparticles improve therapeutic specific-
ity and minimize side effects, with biosynthesized variants
offering additional biocompatibility and multifunctionality
for advanced therapies. [7, 8].

Silver nanoparticles are a major research focus due to
their unique physicochemical properties—such as high sur-
face area and tunable optical behavior—along with their
ability to selectively target cancer cells [9]. AgNPs exert
their anticancer activity via diverse processes, such as ROS
(radical oxygen species) accumulation, impaired energy
metabolism, and activation of apoptotic pathways. The clini-
cal potential of AgNPs is further highlighted by their ability
to circumvent multidrug resistance mechanisms, which com-
monly compromise the effectiveness of conventional anti-
cancer drugs [10]. Traditional methods for AgNPs synthesis
often rely on physical (e.g., laser ablation, evaporation—con-
densation) or chemical methods (e.g., chemical reduction
using sodium borohydride or hydrazine) which raise con-
cerns regarding toxicity, environmental impact, and potential
harm to healthy tissues. In recent years, green synthesis has
emerged as a sustainable and eco-friendly alternative for
the production of AgNPs [11]. Unlike conventional meth-
ods, green synthesis utilizes biological entities such as plant
extracts, fungi, bacteria, and biomolecules to reduce metal
ions into stable nanoparticles. Among biological routes,
plant-mediated synthesis is particularly attractive due to the
presence of diverse phytochemicals—such as polyphenols,
flavonoids, terpenoids, alkaloids, and proteins—that func-
tion both as reducing agents and stabilizers [12, 13]. These
naturally occurring compounds eliminate the need for addi-
tional capping or toxic reducing agents and facilitate the
formation of nanoparticles under mild conditions. Moreover,
green-synthesized nanoparticles often exhibit improved bio-
compatibility, colloidal stability, and functional versatility
of the phytochemicals [13-15].

This study focuses on three medicinal plants with well-
documented anticancer properties: Humulus lupulus (hops),
Inula viscosa, and Olea europaea (olive). H. lupulus, best
known for its use in brewing, contains high concentrations
of xanthohumol, a prenylated flavonoid that has demon-
strated remarkable antiproliferative effects against various
cancer types through multiple mechanisms including cell
cycle arrest and apoptosis induction [16]. The Mediterranean
herb I. viscosa, traditionally used in folk medicine, is abun-
dant in sesquiterpene lactones like tomentosin, exhibiting
cancer-specific cytotoxicity with minimal effects on normal
cells [17]. O. europaea leaves contain oleuropein, a phenolic
compound with demonstrated anticancer activity through its
antioxidant, anti-inflammatory, and pro-apoptotic properties
[18]. The selection of these plants was based not only on

their phytochemical richness but also on their potential to
enhance the anticancer properties of AgNPs through syner-
gistic interactions.

This study aims to synthesize and characterize AgNPs
using aqueous extracts of H. lupulus, I. viscosa, and O.
europaea, and to evaluate their cytotoxic and potential pro-
apoptotic effects against Saos-2 osteosarcoma and MCF-7
breast cancer cell lines. While many studies have focused on
the green synthesis of AgNPs using individual plant species,
comparative studies that control for synthesis parameters are
scarce. By applying a standardized synthesis and charac-
terization protocol, we aimed to systematically assess how
phytochemical composition influences nanoparticle proper-
ties and biological activities, which represents a knowledge
gap in the field. This comparative approach provides deeper
insights into the selection and optimization of plant sources
for tailored nanoparticle synthesis. The investigation focuses
on elucidating dose- and time-dependent responses, with
particular attention to phytochemical-nanoparticle interac-
tions that may inhibit cell proliferation, and trigger apoptosis
in cancer cells.

2 Materials and Methods

2.1 Botanical Material Acquisition
and Authentication

The plant materials used in this study included Humulus
lupulus (hop cones), Inula viscosa (leaves), and Olea euro-
paea (olive leaves). The hop cones were obtained from the
Bilecik Pazaryeri District Directorate of Agriculture in Tiir-
kiye. The aerial parts of Inula viscosa and leaves of Olea
europaea were collected from the Hatay Provincial Center
in Tiirkiye.

2.2 Preparation of Plant Extracts

The water extracts of the plant materials were prepared using
a standardized protocol. Briefly, 100 g of each plant mate-
rial (hop cones, Inula viscosa leaves, and Olea europaea
leaves) were weighed and combined with 500 ml of distilled
water heated to 60 °C. The mixture was stirred continuously
for one hour using a magnetic stirrer on a temperature-con-
trolled hot plate to ensure proper extraction of phytochemi-
cals. Following the stirring process, the mixture was cooled
to ambient temperature (25 °C) and subsequently subjected
to filtration through Whatman filter paper No. 41 (Merck &
Co., Kenilworth, NJ, USA) for removal of particulate con-
taminants. The filtered solution was gathered and refriger-
ated at 4 °C for subsequent applications. To maintain repro-
ducibility and bioactivity, new extract preparations were
made for every nanoparticle synthesis batch.
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2.3 Synthesis of Silver Nanoparticles
2.3.1 Chemical Synthesis of AgNPs (Control Group)

Chemically synthesized silver nanoparticles (AgNPs)
were prepared as a reference control group using the
classical sodium borohydride (NaBH,) reduction method,
in accordance with established protocols [19]. Briefly, a
cold aqueous solution containing 20 mM trisodium citrate
(Sigma-Aldrich, >99% purity) and 2 mM freshly prepared
NaBH, (Sigma—Aldrich, >98% purity) was prepared in
double-distilled water and maintained in an ice bath (4
°C) to minimize the decomposition of the reducing agent.
Subsequently, 1 mM aqueous AgNO:s (silver nitrate, Merck,
>99.9% purity) was added dropwise (~ 1 drop/sec) under
vigorous magnetic stirring at 1000 rpm. Upon addition
of Ag®, an immediate yellowish-brown color developed,
indicating the formation of silver nanoparticles through the
reduction of Ag" to Ag® by NaBH,, facilitated by citrate
ions acting as stabilizing/capping agents. The reaction was
allowed to proceed for 30 min to ensure complete reduction.
The resulting pellet was washed twice with ultrapure
distilled water to remove excess reactants and unbound ions.
The purified nanoparticles were subsequently dried under
vacuum at 40 °C for 24 h using a vacuum oven, yielding a
fine dark grey powder of chemically synthesized AgNPs.

2.3.2 Plant-Based (Green) Synthesis of AgNPs

The silver nanoparticles were synthesized using an eco-
friendly approach leveraging the dual reducing and
stabilizing capabilities of aqueous extracts from Humulus
lupulus (hops), Inula viscosa, and Olea europaea. These
medicinal plants were selected for their high phenolic
content (flavonoids, terpenoids, and tannins), which facilitate
electron transfer for Ag* ion reduction while naturally
capping the nanoparticles to prevent aggregation. For the
synthesis, plant materials were shade-dried, powdered,
and extracted with distilled water (1:10 w/v) at 60 °C for
2 h, with the filtrate lyophilized to concentrate bioactive
compounds. In the optimized protocol, 10 ml of each extract
was reacted with 1 mM AgNO:s solution (added dropwise at
1 ml/min) at 60 °C under constant stirring (800 rpm). The
reaction progress was monitored via UV-Vis spectroscopy,
with the characteristic surface plasmon resonance peak at
~420 nm and color change from pale yellow to deep brown
confirming AgNP formation after 30 min. The mixture was
then centrifuged at 5000 rpm for 1 h at 4 °C, followed by
three washing steps using a 1:1 mixture of distilled water
and ethanol to remove organic residues. Finally, the samples
were vacuum-dried at 40 °C for 24 h to obtain stable silver
nanoparticle powders.
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2.4 Nanostructural Characterization of AgNPs
2.4.1 Spectrophotometric Profiling of AgNPs

UV-Vis spectroscopy confirmed AgNP formation and sta-
bility spectral analysis (300-600 nm) was performed on the
nanoparticles using a spectrophotometer (Fischer Scientific
Inc., Hampton, NY, USA) to determine their optical absorp-
tion characteristics. The characteristic surface plasmon reso-
nance peaks for AgNPs were observed at around 400-420
nm, indicating the successful synthesis of nanoparticles [19].

2.4.2 High-Resolution Morphological Profiling Using SEM

The morphological characteristics and surface topography of
the biosynthesized silver nanoparticles were analyzed using
Scanning Electron Microscopy (SEM). A small amount of
dried AgNP sample was mounted onto a carbon-coated
copper grid and sputter-coated with a thin layer of gold to
enhance conductivity. The samples were then examined
under a high-resolution SEM (Hitachi, SU5000). SEM
images were used to evaluate particle size, shape, and dis-
tribution to confirm the successful formation of nanoscale
silver structures.

2.4.3 X-Ray Diffractometry

X-ray diffraction measurements were carried out using
a Rigaku Miniflex 600 diffractometer (Rigaku Corpora-
tion, Tokyo, Japan), operating with Cu Ko radiation (A
=0.154056 nm), at an accelerating voltage of 40 kV and
a current of 15 mA. The diffraction patterns were recorded
over a 20 range of 20-80°, with a step size of 0.01° and a
scanning rate of 1° per minute.

2.5 Cell Culture

The Saos-2 osteosarcoma and MCF-7 breast adenocar-
cinoma cell lines were procured from ATCC (Manassas,
VA, USA). Cells were grown in DMEM (Gibco, Thermo
Fisher Scientific) enriched with 10% heat-inactivated FBS
(Biochrom AG) and 1% penicillin—streptomycin antibiotic
cocktail (Sigma-Aldrich). Cultures were kept at 37 °C in a
5% CO, humidified atmosphere (Thermo Scientific), with
medium refreshed every 48—72 h. Subculturing was per-
formed at 80-90% confluence using 0.25% trypsin—-EDTA
(Gibco, Thermo Fisher Scientific).
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2.6 Cytotoxicity Assay (XTT Assay)

AgNP cytotoxicity was determined by XTT (2,3-Bis-
(2-methoxy-4-nitro-5-sulfophenyl)—2H-tetrazolium-5-
carboxanilide) viability assay (Biotium, USA) [20] using
Saos-2 and MCF-7 cells. Cells (3 x 10%/well) were cultured
in 96-well plates for 24 h to ensure proper attachment before
nanoparticle exposure. They were then treated with AgNPs
synthesized from H. lupulus, I. viscosa, and O. europaea at
1:1, 1:5, and 1:10 dilutions for 24 and 48 h. After treatment,
50 ul of XTT solution was added to each well, followed by
4 h incubation at 37 °C. Absorbance readings at 460 nm
were acquired with a Varioskan Flash microplate spectro-
photometer. (Fischer Scientific Inc., USA). Viability results
are presented as percentages relative to control cells. All
experiments were conducted in triplicate.

2.7 Statistical Analysis

The cytotoxic effects were quantitatively evaluated using
GraphPad Prism (Version 8.4.2). Data from three inde-
pendent biological replicates (each performed in technical
triplicate) are expressed as mean =+ standard deviation (SD).
Dose- and time-dependent responses were evaluated via
two-way ANOVA, with treatment concentration and expo-
sure duration as independent variables, followed by Tukey’s
post hoc test for pairwise comparisons. In all analyses, a
probability threshold of p < 0.05 served as the criterion for
establishing statistical significance.

3 Results and Discussion
3.1 Synthesis of Silver Nanoparticles

In this study, water extracts of Humulus lupulus (cones),
Inula viscosa (leaves), and Olea europaea (leaves) were used
for the biosynthesis of silver nanoparticles. Phytochemical-
mediated reduction of silver ions was visually demonstrated
through a rapid color shift to brown, characteristic of surface
plasmon resonance in formed AgNPs. This color change is
attributed to the reduction of Ag* ions to Ag® by the phy-
tochemicals present in the plant extracts, which act as both
reducing and stabilizing agents [21, 22] (Fig. 1).

3.2 Spectrophotometric Profiling of AgNPs

The formation of AgNPs was further confirmed by UV-Vis
spectroscopy, which is a widely used technique for charac-
terizing metallic nanoparticles due to their unique surface
plasmon resonance (SPR) properties. UV-Vis spectroscopy
was performed using a Varioskan Flash micro-plate reader
in the wavelength range of 300-700 nm, with a scanning

interval of 1 nm and baseline correction applied using deion-
ized water as a blank. The UV—Vis spectra of the reaction
solutions containing AgNPs synthesized using NaBH,, H.
lupulus, I. viscosa, and O. europaea extracts exhibited char-
acteristic absorbance peaks at 388 nm, 400 nm, 420 nm, and
400 nm, respectively (Fig. 2). These peaks are consistent
with the SPR band of AgNPs, confirming their successful
synthesis [22]. The slight variations in the Amax values can
be attributed to differences in the shape, size and stabiliz-
ing agents of the nanoparticles synthesized using different
plant extracts.

3.3 X-Ray Diffractometry

The XRD patterns displayed distinct diffraction peaks at
38.36°, 44.63°, 55.20°, 57.75°, 64.73° and 77.59° corre-
sponding to the (111), (200), (220), and (311) planes of face-
centered cubic (fcc) silver, respectively, in accordance with
the JCPDS file 04-0783, indicating the crystalline nature
of the nanoparticles. Additional peaks related to AgO, and
Ag,0 phases were also observed. Peaks related to AgO
observed at 32.47 and 46.52°, corresponding to the (111)
and (211) planes matched the JCPDS file 84-1108, while
those attributed to Ag,0 at 28, 32.47, 38.36, 46.48, 55.16,
55.81,57.81, 67.77° and 74.98° corresponding to the (110),
(111), (200), (211), (220), (221), (013), and (311) planes,
respectively, were consistent with JCPDS file 76-1393.
Moreover, the XRD peak positions and assigned phases are
consistent with previous studies that reported similar crys-
talline patterns for green-synthesized silver nanoparticles
using plant extracts, further supporting the validity of our
findings [23-25]. When NaBH, was used as the reducing
agent, AgNP peaks were more prominent relative to the
other phases. In contrast, AgO peaks were more prominent
relative to the other phases in the I-AgNPs. Ag,0 peaks were
the least prominent in all groups (Fig. 3).

3.4 High-Resolution Morphological Profiling

Morphological characterization of the biosynthesized
AgNPs was conducted using high-resolution scanning elec-
tron microscopy. Scanning electron microscopy images
revealed that the AgNPs synthesized from all three plant
extracts were mostly spherical in shape and exhibited
nanoscale morphology. The particles showed moderate
aggregation but maintained distinguishable individual
boundaries. Particle sizes were estimated to be within the
range of 30—70 nm for each formulation. The particle sizes
were estimated based on SEM micrographs and the SPR
absorption maxima observed in UV-Vis spectra. SEM
images provided a direct visualization of nanoparticle mor-
phology, allowing for the approximation of average par-
ticle size The SPR peaks, which typically shift to longer
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Fig.1 Overview of the plant-based synthesis and characterization process of AgNPs. Representative diagram showing the biosynthesis of
AgNPs using water extracts of Humulus lupulus, Olea europaea, and Inula viscosa

wavelengths as particle size increases, were used as an indi-
rect size indicator. Based on the A_max values and estab-
lished correlations in the literature, the particle sizes were
estimated to be in the range of 30—70 nm.

3.5 Dose-Dependent Cytotoxic Effect of AgNPs
in Saos-2 and MCF-7 Cells

The cytotoxic effects of three biologically synthesized
AgNPs (I-AgNPs, H-AgNPs, and O-AgNPs) were system-
atically evaluated in Saos-2 and MCF-7 cell lines through
XTT viability assays. The optical density measurements at
460 nm (OD ) revealed significant differences in cellular
responses depending on nanoparticle formulation, concen-
tration, and exposure duration (Figs. 4 and 5).

The time-dependent enhancement of cytotoxicity is
clearly illustrated in Figs. 4 and 5, which present the OD 44

@ Springer

measurements for Saos-2 and MCF-7 cells, respectively. The
cytotoxic potential of the different nanoparticle formulations
was quantitatively compared through ICs, determinations.
I-AgNPs demonstrated the lowest ICs,, values in both cell
lines, measuring 0.38 mg/ml in Saos-2 cells and 0.52 mg/
ml in MCF-7 cells after 24 h of exposure. These values
decreased to 0.25 mg/ml and 0.37 mg/ml respectively fol-
lowing 48 h of treatment. H-AgNPs showed intermediate
potency, with ICs, values of 0.52 mg/ml (Saos-2) and 0.67
mg/ml (MCF-7) at 24 h, declining to 0.34 mg/ml and 0.49
mg/ml after 48 h. O-AgNPs consistently required the high-
est concentrations to achieve equivalent cytotoxic effects,
exhibiting ICs, values of 0.68 mg/ml in Saos-2 cells and
0.82 mg/ml in MCF-7 cells at 24 h, which reduced to 0.45
mg/ml and 0.61 mg/ml respectively at the 48 h time point.
[-AgNPs maintained greater potency than H-AgNPs and
0O-AgNPs across both cell lines and time points (p <0.05 for
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Fig.2 Characterization of

biosynthesized AgNPs using 0,030 1
ultraviolet—visible spectropho-
tometer and high-resolution
scanning electron microscopy. 0,025 -
a UV-Vis absorption spectra of
AgNPs synthesized from Humu-
lus lupulus, Inula viscosa, and
Olea europaea water extracts. 0,020 -
b-e) SEM images of biosynthe-
sized AgNPs using NaBH, (b),
H. lupulus (c), I. viscosa (d), 0,015 -
and O. europaea (e), respec-
tively
0,010 -
0,005 -

Sodium borohydride

Inula viscosa

Humulus lupulus

Olea europaea

all comparisons). Saos-2 cells consistently showed greater
sensitivity than MCF-7 cells, requiring lower nanoparticle
concentrations to achieve equivalent cytotoxic effects.

The MCF-7 cell line demonstrated greater resistance to
nanoparticle-induced cytotoxicity, as evidenced by system-
atically higher OD ¢, values across all experimental condi-
tions. At the 1:1 dilution, I-AgNPs reduced MCF-7 viability
after 24 and 48 h, representing significantly less cytotoxicity
than observed in Saos-2 cells (p < 0.01 for both time points).
This pattern of differential sensitivity was maintained for

H-AgNPs and O-AgNPs, with MCF-7 cells consistently
showing higher viability than Saos-2 cells when treated with
equivalent nanoparticle concentrations.

According to the data obtained, as a result of dose- and
time-dependent comparisons of live cell rates, the cytotoxic
potential of biogenic silver nanoparticles follows a consist-
ent hierarchy (I-AgNPs > H-AgNPs > O-AgNPs) in both
cell lines. Saos-2 cells are significantly more sensitive to
nanoparticle-induced cytotoxicity than MCF-7 cells (Fig. 6).
All formulations show enhanced cytotoxicity with prolonged
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Fig.3 X-Ray Diffractograms of 1600
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Fig.4 Dose- and time-dependent cytotoxicity of biosynthesized
AgNPs in Saos-2 cells. Cells were treated with 1:1, 1:5, and 1:10
dilutions for 24 and 48 h. NaBH,-synthesized AgNPs were included.

exposure, and the differential effects between nanoparticle
formulations are maintained across concentrations and expo-
sure durations.

4 Discussion

Cancer burden estimates for 2020 indicated about 19.3
million newly developed cases and 10 million fatalities
attributable to malignant neoplasms. Rising global cancer
incidence underscores the demand for novel therapies [26].
Bioactive compounds obtained from plants play important
roles in the chemoprevention of cancer. Phytochemicals
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are promising agents for increasing treatment effective-
ness and reducing side effects in cancer patients. Various
phytochemicals have undergone clinical trials to determine
their cancer chemopreventive effects [27]. However, phy-
tochemicals may have disadvantages such as low solubil-
ity, poor penetration into cells, high hepatic distribution,
and a narrow therapeutic index. To overcome these limi-
tations, the conjugation of phytochemicals with natural
product-based nanoformulations has been recommended.
The combination of phytochemicals with nano-structures
is a crucial step toward increasing their bioavailability

[28-30].
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Fig.5 Dose- and time-dependent cytotoxicity of biosynthesized
AgNPs in MCF-7 cells. Cells were treated with 1:1, 1:5, and 1:10
dilutions for 24 and 48 h. NaBH,-synthesized AgNPs (negative con-

In this study, silver nanoparticles were successfully syn-
thesized using water extracts of H. lupulus, I. viscosa, and O.
europaea through a green synthesis approach. The spectro-
photometric analysis and high-resolution scanning electron
microscopy analysis confirmed nanoparticle formation, and
cytotoxicity assays demonstrated that the biosynthesized
AgNPs exhibited significant, dose- and time-dependent anti-
proliferative effects against Saos-2 and MCF-7 cell lines.
Although SEM imaging showed predominantly spherical
particles in shape, slight variations were observed in the
surface plasmon resonance peaks measured by UV-Vis
spectroscopy, with Amax values ranging from 388 to 420
nm. The SPR peak position is influenced not only by nano-
particle shape but also by particle size, size distribution,
aggregation state, and surface chemistry. In particular, even
small differences in mean diameter can shift the Amax due
to altered conduction electron oscillation at the nanoparticle
surface. Furthermore, each plant extract contains a distinct
profile of phytochemicals that act as reducing and capping
agents during synthesis. These bioactive compounds form a
surface corona around the nanoparticles and create unique
dielectric environments, which influence the optical absorp-
tion properties. Therefore, the observed Amax shifts are
consistent with the formation of spherical but chemically
distinct AgNPs, each shaped by the molecular composition
of the corresponding plant extract.

XRD analysis showed that the synthesized particles
contained multiple phases. Among these, AgO and Ag,0
are known as the two stable forms of silver oxide, both of
which can undergo reduction to yield elemental silver [31].
Similar to metallic AgNPs, silver oxides exhibit notable
cytotoxic activity [32, 33], and in some reports, their activ-
ity surpasses that of pure silver nanoparticles [34]. Conse-
quently, the presence of oxide forms rather than exclusively
metallic silver was not considered a limitation in this study.
The higher prominence of silver oxide phases in the AgNPs

ACEN ,\'T‘\-?’\,g@ .;f‘.\"?\,f@ AR

N \.\,

Concentration rate

trol) were included. Data represent mean + SD (n =3); *p <0.05, **p
<0.01, ***p <0.001 ****p <0.0001 vs. negative control

synthesized using plant extracts can be attributed to the
nature and strength of the reducing agents involved. The
green synthesis of AgNPs is facilitated by phytochemicals
present in the aqueous plant extracts, which serve as both
reducing and capping agents. Flavonoids (e.g., xanthohumol
in Humulus lupulus), phenolic compounds (e.g., oleuropein
and hydroxytyrosol in Olea europaea), and sesquiterpene
lactones (e.g., tomentosin in Inula viscosa) are well-docu-
mented to possess redox-active functional groups, such as
hydroxyl and carbonyl, which can donate electrons to reduce
Ag* to Ag®. This redox reaction is typically accompanied
by the oxidation of these compounds to quinone-like struc-
tures. Simultaneously, these phytochemicals adsorb onto the
surface of newly formed nanoparticles, preventing aggrega-
tion and enhancing stability [35, 36]. However, as the XRD
findings suggest, these compounds may not fully reduce Ag*
ions to elemental silver, leading to the formation of partially
reduced products like Ag,0 and AgO. In contrast, NaBH,
is a stronger reducing agent that promotes a more complete
reduction of silver ions to metallic Ag, thereby favoring the
formation of AgNPs over oxide forms. These factors may
explain the greater abundance of silver oxide phases in bio-
synthesized nanoparticles.

Among the tested plant-mediated nanoparticles, I-AgNPs
showed the most pronounced cytotoxicity. AgNPs are known
to induce cellular stress by generating excessive ROS, which
can damage proteins, lipids, and DNA. This oxidative stress
disrupts mitochondrial membrane potential, leading to
cytochrome c release and activation of intrinsic apoptotic
pathways [36, 37]. The proposed synergistic interaction
between the known mechanisms of silver nanoparticle-
induced cytotoxicity and the intrinsic bioactivity of the
tested phytochemicals are discussed below.

In our study, H-AgNPs exhibited cytotoxic effects
against Saos-2 and MCF-7 cell lines, particularly at the 24
h time point. In our study, the effects of silver nanoparticles

@ Springer
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Fig.6 Comparative percentage of cell viability of three plant-based
AgNPs formulations (I-AgNPs, H-AgNPs, O-AgNPs) in Saos-2 and
MCEF-7 cell lines after 24 and 48 h exposures. Data represent mean
+SD of three independent experiments (n =3). **p <0.01, ***p
<0.001, ****p <0.0001

containing on Saos-2 osteosarcoma and MCF-7 cell viabil-
ity were examined. It was observed that H-AgNPs showed
cytotoxic effects against Saos-2 and MCF-7 cell lines,
especially at the 24th hour. H.lupulus produces important
phytochemicals with various biological activities. Mon-
teiro et al. reported that flavonoids obtained from Humulus
lupulus reduced cell viability in Sk-Br-3 breast cancer cells
by modulating aromatase activity, a key enzyme in estro-
gen biosynthesis, which plays a role in hormone-dependent
breast cancer progression [38]. Similarly, Onder et al. inves-
tigated the effects of different Humulus lupulus extracts on
Hep3B hepatocellular carcinoma and HT-29 colon cancer

@ Springer

cells. Their findings indicated that methanol-1 extract sig-
nificantly inhibited Hep3B cell proliferation by 70% at doses
of 0.6-1 mg/ml, suggesting a strong antiproliferative activity
[39]. Furthermore, Caban et al. demonstrated that Humulus
lupulus extract inhibited angiogenesis, invasion, and migra-
tion with a significant reduction in SW-480 and HT-29 cell
invasion and migration following incubation with the extract
[40]. In addition, Ho et al. showed that xanthohumol, a fla-
vonoid derived from Humulus lupulus, reduced proliferation
in hepatocellular carcinoma cell lines to activate caspase-9
and caspase-3, triggering mitochondrial apoptosis [41]. Das
et al. synthesized silver nanoparticles containing Humulus
lupulus ethanol extract and reported its anticancer effect on
MCEF-7 cells, while also demonstrating minimal cytotoxic-
ity towards normal cells. These effects can be attributed to
a synergistic interaction between the intrinsic bioactivity
of H. lupulus phytochemicals and the known mechanisms
of silver nanoparticle-induced cytotoxicity. This pathway
is particularly relevant in MCF-7 cells, which are partially
deficient in caspase-3, yet respond to mitochondrial stress
through alternative apoptotic signals [42, 43]. Xanthohu-
mol can also arrest the cell cycle at the GO/G1 or G2/M
phases by modulating cyclin-dependent kinase activity and
suppressing growth factor signaling [44]. Collectively, these
mechanisms support the potent cytotoxic effects observed in
this study, particularly at 24—48 h of nanoparticle exposure.
Future studies involving transcriptomic or proteomic analy-
ses may further elucidate the molecular signatures associ-
ated with H-AgNP treatment in osteosarcoma and breast
cancer models.

The examination of I-AgNP showed a significantly
reduced cell viability in the investigated cell lines. The
time-dependent enhancement of cytotoxicity was most
pronounced for I-AgNPs, suggesting its particularly rapid
cellular internalization or activation of death pathways.
Although AgNPs from various plant extracts have been
studied, no existing publications report the use of I-AgNP
for Saos-2 and MCF-7 cytotoxicity testing. Ozkan et al.
have stated that methanol extract of I. viscosa showed an
antiproliferative effect on human breast adenocarcinoma
MCF-7 and brain cancer T98-G cell lines [45]. Virdis
et al. showed that Inula viscosa extract exhibited strong
antiproliferative and cytotoxic activities on the Raji Burkitt
lymphoma cell line, arresting the cell cycle in the G2/M
phase and causing an increase in cell apoptosis [46]. In
addition to these mentioned studies, the antiproliferative
effect of Inula viscosa has also been demonstrated in liver,
lung, gastric and colon cancer cell lines [47-49]. While
previous studies have reported the conjugation of Inula
viscosa extract with silver nanoparticles [50], our work is
the first to reveal their significant cytotoxic activity against
MCF-7 and Saos-2 cells, highlighting their therapeutic
potential. Inula viscosa contains sesquiterpene lactones
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(e.g., tomentosin) and flavonoids that also elevate ROS
levels and promote apoptotic signaling pathways [51]. A
study by Merghoub et al. demonstrated that Inula viscosa
extract induces oxidative stress-mediated apoptosis and
telomere shortening in HeLa cells, mechanisms that may
also operate in MCF-7 and Saos-2 cells. Literature also
suggests that Inula viscosa alone can modulate apoptosis-
related genes and proteins, including upregulation of Bax
and downregulation of Bcl-2, favoring programmed cell
death [17]. The presence of tomentosin and chlorogenic acid
in Inula viscosa extract may further amplify DNA damage
responses, leading to activation of p53 and downstream
apoptosis effectors [52]. Synthesis of AgNPs using
Inula viscosa extract allows improved colloidal stability
and biological activity of these bioactive constituents,
contributing synergistically to cytotoxicity by enhancing
cellular uptake and triggering intracellular signaling
cascades.

0O-AgNPs demonstrated a dose- and time-dependent
cytotoxicity in both MCF-7 and Saos-2 cell lines, although
with relatively lower potency compared to H. lupulus- and
I viscosa-based AgNPs. Albogami et al. showed that Olea
europaea leaf extract had a cytotoxic effect on HT-29 and
PC3 cells [53]. Maalej et al. stated that Olea europaea fruit
extract showed a cytotoxic effect in HepG2 and Caco-2 cells
and arrested cells in the S phase [54]. Isleem et al. showed
that the use of Olea europaea leaf extract in combination
with metformin caused a stronger anticancer effect on the
MCF-7 cells by modulating Bcl-2 family proteins, promot-
ing pro-apoptotic Bax expression and downregulating anti-
apoptotic Bcl-2. Oleuropein exhibits anti-inflammatory and
anti-angiogenic properties by inhibiting NF-xB signaling
and VEGF expression, respectively [55]. This is crucial for
tumors such as osteosarcoma, where angiogenesis is a key
driver of progression. In addition, there are studies in the
literature about the effect of using O-AgNPs on cancer cell
viability. It has been stated in studies that O-AgNPs have
a stronger cytotoxic effect on breast, colon and cervical
cancer [53, 56, 57]. While Olea europaea is rich in phe-
nolic compounds like oleuropein and hydroxytyrosol, these
compounds generally exert milder cytotoxicity compared
to the more highly reactive sesquiterpene lactones in Inula
viscosa or the prenylated flavonoids (e.g., xanthohumol) in
Humulus lupulus. The latter are known to induce stronger
pro-apoptotic, anti-proliferative, and ROS-generating effects,
which may lead to more aggressive cancer cell killing [14,
15]. The reducing and capping agents derived from Olea
europaea leaves may yield AgNPs with different surface
properties (e.g., charge, hydrophilicity) than those capped
with I viscosa or H. lupulus extracts. This could result in
lower cellular uptake or slower intracellular release of silver
ions, thereby reducing bioavailability and cytotoxicity. Fur-
ther studies focusing on the physicochemical properties of

the AgNPs synthesized with different phytochemicals may
help elucidate this postulation.

The results of this study demonstrated a dose- and time-
dependent cytotoxic response of all three plant-mediated
AgNPs against Saos-2 and MCF-7 cell lines. Notably,
Inula viscosa-synthesized AgNPs exhibited the lowest IC5
values—0.25 mg/ml for Saos-2 and 0.37 mg/ml for MCF-7
after 48 h—indicating their superior cytotoxic potential
among the tested formulations. In contrast, Olea europaea-
derived AgNPs consistently required higher concentrations
to elicit comparable effects, suggesting a milder cytotoxic
profile. Importantly, at the lowest tested dilution (1:10),
which corresponds to approximately 0.1-0.2 mg/ml
depending on nanoparticle yield, cell viability remained
comparatively high, particularly for MCF-7 cells.

These findings are consistent with previously reported
studies indicating that green-synthesized AgNPs exhibit
significant cytotoxicity at concentrations between 0.2 and
0.5 mg/ml, while lower concentrations (< 0.1 mg/ml) tend to
be less harmful to normal cells and may preserve therapeutic
selectivity [53, 54]. For example, Das et al. reported an IC5,
value of 0.147 mg/ml for hops-based AgNPs on MCF-7
cells, which closely parallels our findings for H-AgNPs [42].
This dose-dependent behavior underscores the importance of
carefully defining therapeutic windows to optimize efficacy
while minimizing potential off-target effects. Our data
contribute to this emerging body of knowledge by providing
comparative IC;5, values and identifying relatively safe
concentrations for further in vivo exploration.

This study demonstrates that plant-mediated silver nano-
particles, particularly those synthesized using Inula viscosa,
exhibit significant dose- and time-dependent cytotoxic activ-
ity against Saos-2 and MCF-7 cancer cell lines. A compara-
tive analysis of AgNPs derived from Inula viscosa, Humulus
lupulus, and Olea europaea reveals that phytochemical com-
position, nanoparticle surface characteristics, and oxidative
stress modulation collectively influence anticancer efficacy.
Among the three, Inula viscosa-derived AgNPs showed the
highest potency, while the distinct biological profiles of
Humulus lupulus and Olea europaea formulations under-
score the importance of plant selection in tailoring nanopar-
ticles for specific therapeutic goals.

By applying a green synthesis protocol, this study sys-
tematically evaluates how different plant-derived phyto-
chemicals impact nanoparticle properties and biological
activity, rather than introducing a novel synthesis method.
The findings validate the potential of green-synthesized
AgNPs as promising, biocompatible alternatives to con-
ventional chemotherapeutics, bridging traditional botani-
cal knowledge with nanotechnology [58, 59]. This work
advances academic understanding of plant-guided nano-
particle design while providing clinically relevant insights
for targeted cancer treatment. Recent efforts to develop

@ Springer
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cancer therapeutics with reduced systemic toxicity have
led to growing interest in the use of phytochemicals
derived from traditional medicine. Although these natural
compounds exhibit promising biological activities against
various malignancies, including breast cancer and osteo-
sarcoma, their clinical translation remains limited due
to poor pharmacokinetic properties, insufficient tumor
selectivity, and low intracellular accumulation [60]. These
challenges are particularly relevant for aggressive cancers
such as MCF-7 breast cancer and Saos-2 osteosarcoma,
which often exhibit resistance to conventional therapies.
To overcome these obstacles, the integration of nanomate-
rials has emerged as a powerful strategy. Nanotechnology-
based delivery systems can enhance the solubility, cellular
uptake, and tumor-specific distribution of bioactive agents,
thereby improving their therapeutic potential while mini-
mizing adverse effects [61].

While this study provides valuable insights into the
anticancer potential of plant-mediated silver nanoparticles
(AgNPs), it has several important limitations. The findings
are based solely on in vitro testing using Saos-2 and MCF-7
cancer cell lines, without considering the complex biological
interactions that occur in vivo systems. Although UV-Vis,
SEM, and XRD were used for nanoparticle characterization,
advanced techniques like DLS, zeta potential measurement,
and FTIR were not employed to thoroughly analyze particle
size distribution, surface charge, and stability. Addition-
ally, the mechanisms of cell death and selectivity profiles
in healthy cells were not fully investigated. Future studies
should incorporate in vivo models, pharmacokinetic analy-
ses, and examinations of phytochemical synergistic effects
to better understand the therapeutic potential of these plant-
based nanoparticles.
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