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Abstract

Plasmonic nanomaterials have garnered significant attention for their enhanced optical, antibacterial, and anticancer proper-
ties, owing to their surface plasmon resonance (SPR) effects. In this study, ZnO and ZnO/Ag nanoparticles were synthesized
using green synthesis approach. The structural, morphological, and physicochemical properties of the fabricated nanomateri-
als were systematically characterized via X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), trans-
mission electron microscopy (TEM), and dynamic light scattering (DLS). XRD analysis confirmed the hexagonal wurtzite
structure of ZnO, while additional peaks in ZnO/Ag nanoparticles indicated successful silver incorporation. TEM imaging
revealed a spherical morphology with average particle sizes of 35+ 10 nm for ZnO and 55 + 10 nm for ZnO/Ag. The anti-
bacterial activity of the nanoparticles was assessed against Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia
coli, Streptococcus mutans, Staphylococcus aureus, and Enterococcus faecalis using broth microdilution method. ZnO/Ag
nanoparticles exhibited superior antibacterial efficacy, particularly against Gram-negative strains, due to the synergistic action
of ZnO-mediated oxidative stress and Ag*-induced membrane disruption. The plasmonic properties of Ag further contributed
to the antibacterial effect by enhancing reactive oxygen species (ROS) generation under light exposure. Moreover, the MTT
assay demonstrated a dose-dependent cytotoxic effect on A-549 lung carcinoma cells, with ZnO/Ag nanoparticles displaying
a lower IC50 than ZnO. The enhanced anticancer activity was attributed to increased mitochondrial dysfunction, ROS genera-
tion, and apoptosis induction, further amplified by plasmonic interactions. These findings highlight the potential of ZnO/Ag
nanomaterials as promising candidates for biomedical applications, particularly in antimicrobial and anticancer therapies.
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Introduction
> Ali Abbasi In recent decades, nanoscience and nanotechnology have
Ali.abbasi@hu.edu.iq emerged as advanced and highly applicable fields in diverse
) . . L areas such as energy [1], medicine [2], pharmaceuticals [3],
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of Kufa, Al-Najaf, Iraq and consumer products. Among these, nanotechnology-

based therapies are increasingly recognized as promising
strategies for tackling critical health challenges like cancer
and antimicrobial resistance [4-6].

Cancer remains one of the leading causes of death world-
wide. It is characterized by genetic mutations that disrupt
normal cellular function and trigger uncontrolled prolifera-
tion and tumor formation [7]. Traditional treatments such as
chemotherapy and radiotherapy, although widely used, often
result in severe side effects that compromise patient qual-
ity of life [8]. Consequently, researchers are seeking alter-
native approaches that enhance therapeutic efficacy while
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reducing adverse effects. One such promising avenue is the
application of nanotechnology in cancer therapy, particularly
through the use of nanomaterials [9, 10].

This study aims to develop and characterize nanoparti-
cles with enhanced anticancer activity. Among various nano-
materials, zinc oxide (ZnO) nanoparticles are particularly
appealing due to their low toxicity, ease of synthesis, and
multifunctionality [11-13]. These properties have enabled
their integration into gas sensors [14], solar cells [15], and
biomedical applications [16].

Recent findings suggest that combining metal oxides like
ZnO or TiO, with noble metals such as silver or gold can
significantly enhance their biological performance [17-19].
For example, Ghoreishi et al. reported that hybrid ZnO-Au
nanoparticles exhibited superior anticancer properties com-
pared to ZnO alone [20].

Plasmonic metal nanoparticles such as silver (Ag) and
gold (Au) exhibit surface plasmon resonance (SPR), which
can profoundly influence their optical, electronic, and bio-
logical characteristics [21]. SPR enhances light absorption
and electron excitation, boosting photocatalytic and biomed-
ical performance [22-24]. In ZnO/Ag systems, this coupling
is especially advantageous, as it increases reactive oxygen
species (ROS) generation and promotes antibacterial and
anticancer activities via mechanisms like membrane disrup-
tion and apoptosis induction [25, 26].

Various synthesis techniques have been employed to
tailor the properties of such nanomaterials [27, 28]. Kat-
ouah et al. utilized thermal decomposition to prepare ZnO
nanoparticles, followed by biological assessments [29].
Mahmoudi Khatir et al. adopted the sol-gel method to
synthesize Cu-doped ZnO nanoparticles with significant
bioactivity [30]. However, many of these methods involve
hazardous chemicals that raise concerns about safety and
environmental sustainability.

To address these concerns, green synthesis techniques
using plant extracts have gained traction. These eco-friendly
methods are cost-effective, scalable, and environmentally
sustainable [31]. For instance, Guo et al. used almond gum
to synthesize bismuth oxide nanoparticles and investigated
their environmental compatibility [32]. In the past decade,
various extracts were used for synthesis of nanomaterials
like Fophora flavescens [33], Ficus carica [34], Crataegus
monogyna [35], Sophora flavescens [36], Tangerine peel
[37], and Mentha pulegium [38]. Considering the growing
interest in plasmonic nanomaterials, integrating Ag into
ZnO nanoparticles could yield multifunctional systems with
enhanced optical and biological capabilities. Such hybrid
nanostructures can improve light-matter interactions and
facilitate charge transfer, offering great potential for next-
generation antimicrobial and anticancer applications [31].

In contrast to conventional synthesis methods, this study
introduces a green, eco-friendly approach for the fabrication
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of ZnO/Ag nanoparticles using Vicia faba stem extract as a
novel biogenic reducing and stabilizing agent. The result-
ing nanoparticles exhibit not only superior antibacterial
properties but also notable anticancer activity against lung
carcinoma cells. This dual-functional behavior, combined
with a sustainable synthesis route, positions our work at the
intersection of green chemistry and biomedical innovation,
offering a distinctive contribution to the field of plasmon-
enhanced nanomaterials.

Experimental
Materials

The following chemicals were utilized in this study: sil-
ver nitrate (AgNO;, >99.0%), sodium dodecylbenzene-
sulfonate (SDBS), absolute ethanol (> 99.9%), and zinc
nitrate hexahydrate (Zn(NO;),-6H,0), all of which were
procured from Sigma-Aldrich. Deionized water was used
as the primary solvent for the nanoparticle synthesis. More-
over, the MTT reagent (3-(4,5-dimethylthiazol-2-yl)—2,5-
diphenyltetrazolium bromide) was purchased from Merck.

Extract Preparation

The extraction process began with the careful selection and
identification of Vicia faba stems by an expert botanist. Fresh
stems were repeatedly washed with distilled water to remove
any adhering dust or contaminants. They were then air-dried
in a shaded environment for 8 days, ensuring that their benefi-
cial compounds remained intact. Once dried, the stems were
finely ground into a powder using a mechanical grinder. To
extract the bioactive compounds, 50 g of this powdered plant
material was immersed in deionized water and heated on a
hot plate at 75 °C for 30 min. As the solution was heated, its
color gradually changed, indicating the release of phytochem-
icals. The mixture was then carefully filtered using Whatman
No. 1 filter paper. The resulting extract was transferred to a
refrigerator at 4 °C for storage, where it remained stable until
further use in nanoparticle synthesis.

Fabrication of Zinc Oxide Nanoparticles

The fabrication of zinc oxide nanoparticles followed a
modified standard protocol aimed at optimizing nanopar-
ticle uniformity. The process began with dissolving 1 g of
zinc nitrate in 15 mL of deionized water while stirring vig-
orously at room temperature. To enhance particle homo-
geneity, SDBS was used as a stabilizing agent. A separate
SDBS solution (20 mL at 40 °C) was prepared, maintain-
ing a 1:1 ratio with zinc nitrate, and was carefully added
to the reaction vessel. After 30 min of continuous stirring,
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the pH was gradually raised to 12 by adding ammonia
solution dropwise. This step facilitated the formation of a
zinc hydroxide precipitate, which was left to react for 90
min. The precipitate was then separated via centrifugation,
washed thoroughly three times with deionized water to
remove any impurities, and dried. Finally, the dried prod-
uct was subjected to calcination at 650 °C for 2 h, yielding
pure ZnO nanoparticles with improved crystallinity.

Biosynthesis of ZnO/Ag Nanoparticles

In this process, the Vicia faba stem extract obtained earlier
was used to reduce silver ions, facilitating the formation of
Ag NPs on the ZnO NPs. The method was based on Kiani
et al.’s approach [39], with slight modifications in pH regu-
lation and extract concentration to optimize the synthesis.
To ensure a uniform dispersion of ZnO nanoparticles and
prevent agglomeration, 0.4 g of ZnO was first treated with
ultrasonication for 1 h. In a separate step, silver nitrate was
dissolved in 8 mL of deionized water, maintaining a 10%
molar ratio with respect to ZnO. This solution was gradu-
ally introduced into the ZnO suspension under continuous
stirring. Then, 10 mL of Vicia faba stem extract, previ-
ously adjusted to pH 12 with sodium hydroxide, was slowly
added to the reaction vessel. The reaction proceeded for
1 h, during which silver ions were reduced, forming ZnO/
Ag hybrid nanoparticles. The final precipitate was col-
lected, thoroughly washed to remove residual impurities,
and dried. The synthesized ZnO/Ag nanostructures were
then prepared for biological applications, leveraging their
potential antimicrobial and catalytic properties.

Determination of Antibacterial Performance

The antibacterial activity was evaluated using the micro-
dilution technique, which allows for the determination of

the effectiveness of ZnO, ZnO/Ag nanoparticles, and Vicia
faba stem extract against bacterial strains. In this method,
100 uL of each sample, prepared at varying concentra-
tions, was added to the test wells. To each well, 100 uL
of bacterial suspension was introduced. After incubation,
the presence or absence of bacterial growth was visually
assessed by examining turbidity, and the minimum inhibi-
tory concentration (MIC) was identified as the lowest
concentration that inhibited visible growth. The bacterial
strains used in this experiment included Pseudomonas aer-
uginosa, Klebsiella pneumoniae, Staphylococcus aureus,
Streptococcus mutans, Escherichia coli, and Enterococcus
faecalis.

Evaluation of Anticancer Performance

To assess the anticancer potential of ZnO and ZnO/Ag nano-
particles, their cytotoxic effects were evaluated against the
A-549 lung cancer cell line. The experimental approach was
adapted from Zare-Bidaki et al., with slight modifications
to optimize the conditions [40]. First, A-549 cells were cul-
tured in a growth medium containing fetal bovine serum
(FBS) and streptomycin to support cell proliferation. Once
the cells reached 80% confluency, they were detached using
1% trypsin and prepared for further testing. The MTT assay
was used to evaluate cell viability. In this assay, 10,000 cells
per well were seeded into a 96-well plate. After a period of
incubation, the old medium was replaced with a fresh ZnO
and ZnO/Ag nanoparticle suspensions at concentrations of
12.5, 25, 50, 100, 200, and 400 pg/mL. Following another
incubation, the medium was replaced with a 10% MTT solu-
tion, which allows viable cells to convert the reagent into
formazan crystals. After further incubation, the supernatant
was carefully removed, and the formazan crystals were dis-
solved in DMSO. Finally, the optical density at 570 nm was
measured, and cell viability at different concentrations was
calculated using the relevant formula.

Cell viability (%) = (Absorption of nanoparticles/Absorption of control) * 100

Results and Discussion
X-Ray Diffraction

The XRD analysis was conducted to investigate the crystal-
line nature and phase composition of the synthesized ZnO
and ZnO/Ag nanoparticles, which were prepared using Vicia
faba stem extract. The diffraction patterns are presented

in Fig. 1. As shown in Fig. la, the XRD pattern of ZnO
nanoparticles exhibited characteristic peaks at 20 values
of 31.56°, 34.37°, 36.02°, 46.94°, 55.84°, 62.36°, 66.21°,
and 69.11°, corresponding to the (100), (002), (101), (102),
(110), (103), (200), and (201) planes. These results con-
firm the hexagonal wurtzite structure of ZnO, as indexed in
JCPDS card no. 01-080-0075, and are consistent with the
findings of Mohammadi-Aghdam et al., who synthesized
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Fig.1 XRD patterns of (a) pure ZnO and (b) biosynthesized ZnO/Ag
nanoparticles using Vicia faba stem extract at room temperature

ZnO nanoparticles using Hedera colchica extract [41]. After
silver ion reduction on ZnO nanoparticles using Vicia faba
stem extract, the XRD pattern of the ZnO/Ag nanoparticles
revealed four additional peaks at 38.41°, 44.64°, 64.57°,
and 76.81° (Fig. 1b), which correspond to the (111), (200),
(220), and (311) planes of silver nanoparticles, respectively.
The absence of extra peaks suggests a highly pure ZnO/Ag
structure without detectable impurities. These results are
in agreement with Kiani et al., who reported similar dif-
fraction peaks (38.2°, 42.1°, 64.7°, and 77.1°) for ZnO/Ag
nanoparticles synthesized using Lavandula stoechas extract
and deposited onto ZnO [17]. The presence of silver peaks
alongside those of ZnO indicates that Ag was successfully
incorporated without altering the crystal structure of ZnO.
Although no clear shift in ZnO peaks was observed, the
addition of Ag may introduce slight lattice strain or surface
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defects at the interface, which could influence the crystal-
linity and electronic behavior of the material.

FT-IR Spectra

The FT-IR spectra of the synthesized ZnO and ZnO/Ag
nanoparticles are shown in Fig. 2. This technique helps
to identify the bonding interactions and functional groups
involved in the synthesis process. As seen in Fig. 2a, two
prominent peaks were detected in the ZnO spectrum. A
broad absorption band around 3416 cm™' corresponds to
hydroxyl (-OH) groups, which may result from adsorbed
moisture or water molecules present on the ZnO surface.
Additionally, the Zn—O stretching vibration appears as an
absorption band around 572 cm™!, confirming the success-
ful formation of ZnO nanoparticles. Following the reduction
of silver ions onto ZnO nanoparticles, the Zn—O absorption
intensity in the 500-600 cm™' range decreased, indicating
interaction between ZnO and Ag nanoparticles. Moreover, a
new absorption band at 3427 cm™! emerged, which is linked
to O—H stretching vibrations from the plant extract. These
hydroxyl groups, particularly from phenolic compounds,
play a crucial role in reducing Ag* ions to Ag nanoparti-
cles. Further investigation of the FT-IR spectrum revealed
additional absorption bands in the 1000-1700 cm™! region,
which are associated with organic compounds from the plant
extract, confirming the successful formation of ZnO/Ag nan-
oparticles (Fig. 1b). Similar observations were reported by
Siami-Aliabad et al., who synthesized ZnO/Ag nanoparticles
using Sophora pachycarpa extract [18]. Their FT-IR spectra
also displayed plant-derived functional groups, confirming
that silver ions were effectively reduced and deposited onto
the ZnO surface.

Morphological and Size Study

To analyze the size and shape of the synthesized ZnO and
ZnO/Ag nanoparticles, transmission electron microscopy
(TEM) was performed. The resulting images are displayed
in Fig. 3a and b, respectively. As shown in Fig. 3a, the ZnO
nanoparticles exhibit a spherical shape, with their sizes rang-
ing from 35 +10 nm. However, some areas reveal particle
agglomeration, where multiple nanoparticles have clustered
together. In the case of ZnO/Ag nanoparticles, the morphol-
ogy remains spherical, but with a more clustered arrange-
ment. This structural modification is due to the presence
of silver nanoparticles, which act as metallic centers, influ-
encing the overall morphology. The ZnO/Ag nanoparticles
were found to have particle sizes within the 55 +10 nm range
(Fig. 3b). These observations align with the findings of Abou
Oualid et al., who also reported cluster-like formations when
silver nanoparticles were deposited onto ZnO surfaces [42].
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Fig.2 FT-IR spectra of (a) pure
ZnO and (b) green synthesis
of ZnO/Ag nanoparticles using
Vicia faba stem extract
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Fig.3 Morphology and size
results of (a) ZnO and (b) green
synthesized ZnO/Ag nanopar-
ticles

Hydrodynamic Diameter and Surface Charge

To assess the dispersion stability and particle size uni-
formity, dynamic light scattering (DLS) analysis was con-
ducted, focusing on the zeta potential and hydrodynamic
diameter of the synthesized nanoparticles. The DLS results
for both ZnO and ZnO/Ag nanoparticles are illustrated in
Fig. 4. The ZnO nanoparticles showed a fairly uniform

|
1000

2000
Wavenumbers (1/cm)

size distribution, though their hydrodynamic diameter
was larger than expected. This size increase was likely
due to particle agglomeration, a finding that was consist-
ent with TEM analysis. Similarly, ZnO/Ag nanoparticles
also exhibited a larger hydrodynamic size, indicating some
degree of particle aggregation in suspension. DLS revealed
that the hydrodynamic sizes of ZnO and ZnO/Ag nanopar-
ticles were found to range between 20-55 and 40-95 nm,
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Fig.4 Dynamic light scattering
analysis of pure ZnO and green 50 -
synthesized ZnO/Ag nanopar-
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respectively. Additionally, zeta potential measurements
revealed values of —3.15 mV for ZnO nanoparticles and
—7.61 mV for ZnO/Ag nanoparticles. These relatively low
zeta potential values suggest that the particles experience
only mild repulsive forces, which could lead to increased
aggregation and larger apparent sizes in solution.

Determination of Antibacterial Performance

To investigate the antibacterial efficacy of ZnO and ZnO/Ag
nanoparticles, their inhibitory effects were assessed using
the broth microdilution method against six bacterial strains,
including both Gram-positive and Gram-negative bacteria
(Table 1). The antibacterial properties of Vicia faba stem
extract were also analyzed, but no substantial inhibitory
effects were observed, even at concentrations up to 5000
pg/mL. This aligns with the findings of Shirzadi-Ahodashti
et al., who reported minimal antibacterial activity from
similar plant extracts at concentrations below 4000 ug/
mL [43]. The results demonstrated that ZnO nanoparticles
alone exhibited moderate antibacterial effects, with MIC
values of 940 ug/mL for Streptococcus mutans, 235 pg/mL
for Pseudomonas aeruginosa, 470 ng/mL for Enterococcus
faecalis, 940 pg/mL for Staphylococcus aureus, 235 pg/mL
for Escherichia coli, and 470 ug/mL for Klebsiella pneumo-
niae. However, their efficacy was limited against other tested
strains, suggesting that ZnO alone may not be sufficient
for broad-spectrum antimicrobial applications. The incor-
poration of Ag nanoparticles into the ZnO matrix (ZnO/
Ag) significantly enhanced antibacterial potency, with MIC
values as low as 58.75 pg/mL for Gram-negative bacteria.
This enhancement is primarily due to the cumulative effect
of ZnO and Ag nanoparticles, which act through multiple
antibacterial mechanisms. Silver ions disrupt bacterial DNA
replication and protein synthesis, while ZnO nanoparticles
induce oxidative stress by generating reactive oxygen species
[17]. Additionally, Ag* ions interfere with membrane per-
meability and metabolic pathways, leading to bacterial apop-
tosis. One of the key observations in this study was the supe-
rior antibacterial efficacy of ZnO/Ag against Gram-negative
bacteria, which are generally more resistant to conventional

Nanoparticles
)
° °
® o
°
° Ae
COPogx = 2
DNA disruption - >~ 3-1 jz
°
. A =
S
@ é§é
¥
&
£
Rlbosonge |assembly
Death

Fig.5 Presenting a proposed mechanism for bacterial cell wall
destruction using nanoparticles

antibiotics. This increased sensitivity may be attributed to
the structural characteristics of Gram-negative bacterial cell
walls, which contain porins that facilitate nanoparticle pen-
etration, making them more vulnerable to oxidative damage.
The proposed mechanism of bacterial inhibition by ZnO/Ag
nanoparticles is depicted in Fig. 5, illustrating their interac-
tion with bacterial membranes, intracellular components,
and oxidative stress pathways. These findings suggest that
ZnO/Ag nanomaterials hold significant potential as next-
generation antibacterial agents, particularly against drug-
resistant bacterial strains. The antibacterial performance of
the synthesized ZnO/Ag nanoparticles was compared with
previous studies involving similar nanomaterials (Table 2).

Anticancer Performance of Pure ZnO and ZnO/Ag
Nanoparticles

Given the physicochemical properties, dosage, and mor-
phology of nanoparticles, the anticancer activity of ZnO
and ZnO/Ag nanoparticles was investigated against A-549
lung carcinoma cells at different concentrations using
the MTT assay. The results, depicted in Fig. 6, reveal a

Table 1 Antibacterial activity

Bacteria Extract ~ ZnO NPs ZnO/Ag NPs

results of extract, ZnO,

and ZnO/Ag nanoparticles MIC MIC (ug/ml)  MBC (ug/ml)  MIC (ug/ml)  MBC (ug/ml)

synthesized using Vicia faba (ug/ml)

stem extract
Streptococcus mutans > 5000 940 1880 235 940
Pseudomonas aeruginosa > 5000 235 940 58.75 235
Enterococcus faecalis > 5000 470 1880 117.5 470
Staphylococcus aureus > 5000 940 1880 235 940
Escherichia coli > 5000 235 940 117.5 470
Klebsiella pneumoniae > 5000 470 940 58.75 235
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Table 2 Comparative antibacterial activity of ZnO/Ag nanoparticles

Sample  Extract used Bacteria MIC (ug/ml) Ref
ZnO/Ag Launaea acanthodes E. coli 117.5 [39]
S. aureus 235
E. faecalis 470
ZnO/Ag Prosophis fracta A. baumannii  3.12 [44]
P. aeruginosa 3.12
ZnO/Ag Fenugreek E. coli 0.625 [45]
S. aureus 1.25
ZnO/Ag Pomegranate peel E. faecalis 250 [46]
B. subtilis 15.62
ZnO/Ag Hedera colchica A. baumannii  0.44 [41]
E. faecalis 0.89
P. aeruginosa 7.1
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Fig.6 Anticancer activity of ZnO and ZnO/Ag nanoparticles on
A-549 lung carcinoma cells at different concentrations
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dose-dependent cytotoxic effect for both types of nanoparti-
cles. In the case of ZnO nanoparticles (Fig. 6a), cell viability
decreased from 91.6% at 12.5 pg/mL to 32.4% at 400 pg/mL.
However, a remarkable enhancement in anticancer activity
was observed when silver nanoparticles were incorporated
onto ZnO using Vicia faba stem extract. ZnO/Ag nanopar-
ticles significantly reduced cell viability from 85.1% at 12.5
pg/mL to 30.7% at 200 ug/mL (Fig. 6b). The IC50 values
were calculated as 165.1 pg/mL for ZnO and 77.3 pg/mL for
ZnO-Ag, further confirming the increased potency of ZnO/
Ag. This enhanced cytotoxic effect can be explained by the
combined impact of ZnO and Ag nanoparticles on cellular
structures. ZnO nanoparticles primarily induce oxidative
stress by generating reactive oxygen species, which dam-
age cellular components such as DNA, lipids, and proteins,
ultimately triggering apoptosis. Silver nanoparticles, on the
other hand, contribute to cytotoxicity through additional
mechanisms, including disruption of cellular membranes,
inhibition of essential enzymes, and interference with ATP
production. The presence of silver in ZnO/Ag nanoparticles
enhances cellular uptake, leading to increased bioavailability
and a stronger cytotoxic response. The study also highlights
the selective nature of ZnO/Ag cytotoxicity. Cancer cells,
due to their altered redox homeostasis and higher metabolic
activity, are more vulnerable to oxidative stress compared to
normal cells. This selectivity is particularly significant in the
context of targeted cancer therapy, where minimizing dam-
age to healthy tissues is crucial. Similar findings have been
reported in previous studies, where ZnO/Ag nanoparticles
exhibited superior anticancer effects compared to ZnO alone
[41]. For instance, research on leukemia cell lines demon-
strated a lower IC50 value for ZnO-Ag (25 pg/mL) compared
to ZnO (50 pg/mL), supporting the notion that the incorpo-
ration of silver enhances the therapeutic potential of ZnO
nanoparticles. In summary, the present study underscores the
potential application of ZnO/Ag nanoparticles as an effective
anticancer agent. The combination of oxidative stress induc-
tion, mitochondrial dysfunction, and metabolic disruption
results in significant cytotoxicity against cancer cells. The
utilization of plant-based synthesis further enhances their
biocompatibility, making them a promising candidate for
further preclinical and clinical evaluations.

Conclusion

In conclusion, ZnO and ZnO/Ag nanoparticles synthesized
via Vicia faba stem extract showed favorable properties
for biomedical use. ZnO/Ag exhibited stronger antibac-
terial effects, with MIC values down to 58.75 pg/mL for
Gram-negative bacteria, compared to 235-940 pg/mL for
ZnO. Anticancer activity against A-549 cells also improved
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significantly, with ZnO/Ag showing an IC50 of 77.3 versus
165.1 pg/mL for ZnO. This enhancement is attributed to the
synergistic antibacterial and cytotoxic mechanisms, includ-
ing ROS generation and SPR effects. These results highlight
their potential for future therapeutic applications.
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