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Ps and OhRb-AgNPs exhibit appreciable antimicrobial and antioxidant activi-
ysis, underscoring their potential to combat MDR pathogens, and further

a b s t r a c t

Background: Rapid increase in antimicrobial resistance poses a significant threat to global health, neces-
sitating alternative strategies to combat multi-drug resistant (MDR) pathogens. Advances in
nanobiotechnology may offer promising solutions to this pressing issue. This study revolves around
developing an efficient method for synthesizing silver nanoparticles (AgNPs) based on aqueous extracts
of Viola odorata leaves (VoL) and Onosma hispidum root barks (OhRb), traditional medicinal perennial
herbs, followed by evaluating their antioxidant and antimicrobial potential against MDR pathogens.
Results: The synthesis of nanoparticles was completed in 15–20 min at 55–60°C using green approach.
The characterized AgNPs showed significant antimicrobial activity against Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, Streptococcus agalactiae, and Candida albicans,
with zones of inhibition ranging from 12 mm ± 0.636 to 25 mm ± 0.282. Minimum inhibitory concentra-
tion and minimum bactericidal concentrations ranged from 0.39 to 6.125 lg/mL. Additionally, the
nanoparticles demonstrated significant antioxidant potential compared to the aqueous plant extracts.
Importantly, the investigation into the effects of the nanoparticles on red blood cells revealed no pro-
nounced hemolysis even at higher concentrations (300 lg/mL) of VoL-AgNPs and OhRb-AgNPs, demon-
strating their biocompatibility and hemolytic safety profile.
Conclusions: The VoL-AgN
ties with minimal hemol
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1. Introduction biebersteinii [16], Rumex nervosus [17], Citrus limon [18], Acacia cya-
The frequent and unnecessary use of antibiotics, in addition to
natural evolutionary processes, has paved the way for microbes
to develop resistance against a wide range of antibiotics, which
not only leads to prolonged illnesses but also impacts both the
quality and expectancy of life. Projections indicate that in the
absence of serious and significant global efforts to control and
address the antimicrobial resistance, the annual death toll may
escalate from 0.7 million to a staggering 10 million by the year
2050 [1,2]. Since developing new antibiotics is a challenging pro-
cess requiring several years of efforts to ensure safety, stability,
and efficacy as well as navigating complex regulatory pathways
for market approval, there exists a pressing need to explore alter-
native strategies to tackle multi-drug resistant (MDR) pathogens
[3,4].

Over the past decade, the myriad applications of nanotechnol-
ogy and nanoparticles (NPs) have catalyzed notable advancements
in nearly every facet of biological science and technology. Contrast-
ing their ‘macroparticle’ counterparts, the NPs have a variety of
advantages including better action due to a greater surface area,
unique physiochemical characteristics, and requirement for less
material [4,5]. Among the metal-based NPs, silver (Ag) NPs consti-
tute a significant class of nanomaterials with applications in fields
as diverse as optics, electronics, food industry, catalysis, physics,
healthcare, medicine, ecological remediation, and development of
nanodevices [4,6]. Further, it has been observed that the antimicro-
bial properties of existing antibiotics can be enhanced in synergy
with AgNPs thus reducing the dosage of antibiotics and duration
of use while hampering the AMR development, in parallel [5,6,7].

Whereas physical and chemical methods for the synthesis of
AgNPs are well-established, their broader applicability and effec-
tiveness are hindered by limitations such as: the use of hazardous
substances, generation of toxic by-products, high energy consump-
tion, low yield, and a broad size range of synthesized particles
[4,5,8]. Hence, there is a preference for environmentally benign
approaches, utilizing ingredients like microbial biomass, natural
chemicals, and plant extracts. In particular, the use of plant
extracts in the production of NPs is favored over microbial-based
systems due to their simplicity, safety, and convenience, eliminat-
ing the need for maintaining complex cell cultures [8,9].

The chemical substances, which are mostly found in plant
extract, include proteins, alkaloids, flavonoids, terpenoids, and
reducing sugars that reduce Ag+ to generate AgNPs [7,10]. These
bioactive compounds not only provide antioxidant effects but also
contribute directly to therapeutic activities. In therapies like anti-
cancer treatments, antioxidant NPs can protect healthy cells from
oxidative damage caused by chemotherapy or radiation, thereby
reducing side effects and improving patient outcomes. By neutral-
izing reactive oxygen species (ROS), the antioxidant NPs prevent
cellular damage - a common underlying factor in various patholog-
ical conditions and ailments [4,7,8,10].

Several studies have explored the synthesis and biomedical
applications of NPs employing extracts from various plants like
Phoenix dactylifera [11], Allium sativum [12], Allium eriophyllum
[13], Tamarindus indica [14], Thymus fedtschenkoi [15], Achillea
20
nophylla [19], Ferula persica [20], and others [21]. We in the present
study have used two perennial herbs i.e.:

(1) Viola odorata (commonly known as Gul-e-Banafsha, sweet
violet, or English violet), which is a key ingredient in
‘Joshanda’- a herbal remedy known for its effectiveness
against the flu, colds, and cough.

(2) Onosma hispidum, which is commonly known as Ratanjot
and is documented for its red dye-producing roots.

V. odorata exhibits substantial anticancer, antimicrobial, anti-
inflammatory, and cytotoxic activities [22,23]. Likewise, O. hispi-
dum roots are widely used in oils, pharmaceutical preparations,
and foods and are effective in treating wounds, fever, cancer, dia-
betes, infectious diseases, and pain [24,25].

To the best of our knowledge, the synthesis of silver nanoparti-
cles utilizing the aqueous extract of V. odorata leaves (VoL) and O.
hispidum root bark (OhRb) has not yet been investigated. Given the
immense medicinal significance of these plants, this research aims
to develop a simple, rapid, and sustainable method for the biosyn-
thesis of VoL- and OhRb-based nanoparticles, with the goal of
enhancing their antimicrobial, antioxidant, and hemolytic proper-
ties for improved biomedical applications. The findings have the
potential to offer valuable insights into alternative strategies for
combating MDR pathogens and addressing the growing challenges
of antibiotic resistance.

2. Materials and methods

2.1. Synthesis of VoL-AgNPs and OhRb-AgNPs

Fresh VoL was collected from Azad Jammu and Kashmir, while
dried OhRb were sourced from a nursery in Lahore. Both plant
materials were thoroughly washed with tap- and distilled water
to remove contaminants, dried and then sliced into small pieces.
To prepare 10% extract (w/v), 10 g of each plant part was boiled
in 100 mL distilled water for 15 min. The extracts were cooled, fil-
ter sterilized and stored at 4°C [26]. For the synthesis of nanopar-
ticles, the VoL and OhRb extracts were separately mixed with
10 mM AgNO3 solution at varying ratios of 9:1, 8:2, 7:3, 6:4 and
5:5. AgNPs formation was tested at AgNO3 concentrations ranging
from 1 to 30 mM, with the reaction temperatures ranging between
50–60°C to determine the optimal temperature conditions. After
identifying the best extract-to-AgNO3 ratios and concentrations,
pH studies (pH 7–10) were conducted to understand its impact
on the synthesis of NPs [27]. Finally, the synthesized AgNPs were
purified by centrifuging at 4500 rpm and 25°C for 15 min.

2.2. Characterization of VoL-AgNPs and OhRb-AgNPs

The synthesis of VoL-AgNPs and OhRb-AgNPs was followed by
observing the color change in the solutions. Additionally, their
absorbance was measured using a UV–Vis spectrophotometer
(Model: C-7200, PEAK Instrument, USA) over a wavelength range
of 300–800 nm. To analyze the functional groups, present in both
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the plant extracts and the nanoparticles, FTIR spectral analysis was
conducted using a spectrometer (IR Prestige-21, Shimadzu, Japan)
with KBr pellets, covering the spectral range of 4000–400 cm−1.
The morphology and elemental composition of the synthesized
VoL-AgNPs and OhRb-AgNPs were examined through scanning
electron microscopy (SEM) and energy dispersive X-ray (EDX)
analysis (FEI Nova 450 NanoSEM). The crystalline structure of the
nanoparticles was further analyzed using X-ray diffraction (XRD;
MiniFlex600-C). The Zetasizer nano series (Malvern Zetasizer Nano
ZSP) was employed to measure the zeta potential (ZP) and deter-
mine the size of VoL-AgNPs and OhRb-AgNPs.
2.3. Antimicrobial activity

The antimicrobial activity of VoL-AgNPs and OhRb-AgNPs was
assessed using the Kirby-Bauer method [28] against gram-
negative bacteria (E. coli, P. aeruginosa, and K. pneumoniae), gram-
positive bacteria (S. aureus and S. agalactiae), and fungal strain C.
albicans. Sterile Mueller Hinton Agar (MHA) was added to Petri
plates and allowed to solidify under aseptic conditions. Bacterial
cultures prepared according to McFarland’s standard protocol were
transferred onto the MHA plates. Discs containing 50 and 75 lg of
synthesized VoL-AgNPs and OhRb-AgNPswere placed on the plates.
For comparison, 10 lL of antibiotic amikacin (30 lg), AgNO3

(10 mM), and VoL/OhRb extracts were also applied. After 24 h of
incubation at 37°C, the zones of inhibition (ZOI) were measured.
The minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) of VoL-AgNPs and OhRb-AgNPs were
also determined using the two-fold serial macro-dilution method.
Briefly, serial dilutions of the AgNPs were prepared in test tubes,
with concentrations ranging between 0.195 and 50 lg/mL. The bac-
terial inoculum was standardized to 108 CFU/mL (0.5 McFarland
Fig. 1. UV–vis spectrum of VoL-AgNPs (a*, b*, c*) and OhRb-AgNPs (a, b, c). The a* and
b* and b represent a thorough time-based synthesis for VoL-AgNPs and OhRb-AgNPs. The
OhRb-AgNPs. Every sample shows absorbance maxima between 400 and 440 nm.
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standard). 10 mM AgNO3 was used as the positive control, and
inoculum alone served as the negative control. The test tubes were
incubated overnight at 37°C. After incubation, the MIC was deter-
mined as the lowest concentration of the nanoparticles that visibly
inhibited bacterial growth. The MBC was assessed by subculturing
the suspensions from test tubes that showed no bacterial growth
onto fresh MHA plates at concentrations equal to or higher than
the MIC. For MBC determination, 10 lL of the suspension from test
tubes with no visible bacterial growth was spread onto MHA plates
and incubated at 37°C for 24 h. The MBC was identified by visually
confirming the absence of bacterial colonies on the plates.
2.4. Antioxidant activity

With slight modifications to the methodology by Sreelekha
et al. [29], the antioxidant activity of VoL-AgNPs and OhRb-
AgNPs was evaluated using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay. Ascorbic acid was used as
the positive control, and ethanol as the negative control. To per-
form the assay, 2 mL of freshly prepared DPPH solution (0.1 mM
in ethanol) was mixed with 1 mL of different concentrations of
VoL-AgNPs or OhRb-AgNPs (50, 75, and 100 lg/mL). The mixtures
were thoroughly shaken and then incubated in the dark for 30 min.
After incubation, the absorbance of each sample was measured
using a UV–Vis spectrophotometer at a wavelength of 517 nm.
The percentage inhibition of DPPH was then calculated to assess
the antioxidant potential of NPs as described earlier [29].

2.5. Hemolytic activity assessment

For in vitro hemolytic activity assessment of VoL-AgNPs and
OhRb-AgNPs, fresh human blood was collected in EDTA tubes
a depict various concentrations of AgNO3 used (1, 2, 3, 5, 10, 20, and 30 mM), while
c* and c show the impact of different pH values on the production of VoL-AgNPs and
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and washed with phosphate-buffered saline (PBS) at 4,000 rpm for
5 min. The red blood cells (RBCs) were rinsed with PBS and washed
twice to ensure the removal of residual contaminants. For assay,
800 lL of each AgNPs sample was added to sterile tubes containing
200 lL of diluted RBCs, resulting in final concentrations of 5, 10, 20,
30, 40, 50, 100, 150, 200, 250, and 300 lg/mL. Triton X-100 (dis-
playing hemolytic effect) and saline solution were used as positive
and negative controls, respectively. The tubes were incubated at
37°C for 1 h, followed by centrifugation. The supernatants were
collected, and the optical density (OD) was measured at 570 nm.
The percentage of hemolysis was calculated using the formula out-
lined by Parthiban et al. [30].

3. Results

3.1. Synthesis of eco-friendly nanoparticles

The VoL- and OhRb-based, ecofriendly nanoparticles were suc-
cessfully synthesized in less than 20 min at temperatures 55°C
and 60°C, respectively (Fig. 1).

Time-dependent analysis revealed that NP formation began
within 10 min of incubation using plant extract with 10 mMAgNO3
Fig. 2. The SEM, EDX, and FTIR analyses of VoL-AgNPs and OhRb-AgNPs. Panels A1 and
Panels A3 and B3 show the EDX spectra of VoL-AgNPs and OhRb-AgNPs, respectively. Pan
functional groups involved in the reduction process during AgNP synthesis.
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in a ratio of 9:1 for VoL and 8:2 for OhRb. The optimal synthesis,
however, was observed at 15 min for VoL-AgNPs and 20 min for
OhRb-AgNPs, as depicted in Fig. 1b*, Fig. 1b. The characteristic sur-
face plasmon resonance (SPR) absorption bands were observed at
420 nm for VoL-AgNPs and 430 nm for OhRb-AgNPs.

The pH of reaction mixture also played a crucial role in NPs syn-
thesis, as variations in pH caused shifts in absorption peaks. For
both VoL-AgNPs and OhRb-AgNPs, these peaks ranged between
400 and 440 nm, as shown in Fig. 1c*, Fig. 1c.

3.2. Characterization of nanoparticles using SEM, EDX, FTIR analysis

The results of the SEM and EDX analyses for VoL-AgNPs and
OhRb-AgNPs are presented in Fig. 2. The SEM images (Fig. 2A and
Fig. 2B) demonstrate the presence of nano-sized, spherical AgNPs.

The EDX analysis provided more details on the elemental com-
positions of VoL-AgNPs and OhRb-AgNPs. Both spectra showed a
strong peak for Ag acquired at 3 keV+, confirming the successful
reduction of AgNO3 into AgNPs (Fig. 2A3 and Fig. 2B3). Addition-
ally, faint signals for gold, oxygen, chlorine, and carbon were
observed, suggesting the presence of phytoconstituents from the
plant extracts on the surface of the AgNPs.
A2 present SEM images of VoL-AgNPs, while B1 and B2 depict those of OhRb-AgNPs.
els C and D illustrate the FTIR spectra of VoL and OhRb, confirming the presence of

move_f0005
move_f0010
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The FTIR analysis showed that the plant extracts, VoL-AgNPs,
and OhRb-AgNPs, exhibit almost identical infrared (IR) bands
(Fig. 3C, Fig. 3D). For the VoL extract, absorbance peaks were
observed at 3313.70, 2341.58, 1651.06, 1290.377, and
700.16 cm−1, while for VoL-AgNPs at 3305.99, 2333.86, 1637.56,
1255.65, and 690.51 cm−1. In the case of OhRb extract, the peaks
were seen at 3349.42, 2335.79, 1649.37, 1309.66, and
680.58 cm−1, whereas OhRb-AgNPs showed peaks at 3317.77,
2328.08, 1631.77, 1286.52, and 686.65 cm−1. The peaks at a range
of 3650–3200 cm−1, 1630–1680 cm−1, 1000–1320 cm−1, and 730–
550 cm−1 respectively correspond to OAH, C@O, CAO, and CACl
stretching. Additional peaks at 2341, 2333, 2328, and 2335 cm−1

indicated weak C@N and CAH stretching, likely due to the presence
of aromatic compounds and nitriles in the AgNPs while the peak at
2341 cm−1 is attributed to CAH stretching.
Fig. 3. XRD and ZP of the AgNPs produced from aqueous extracts of VoL and OhRb. A a
and E depicted the ZP and D and F depicted the size analysis results of VoL-AgNPs and
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3.3. Analysis of X-ray diffraction pattern and zeta potential

The crystallinity of AgNPs was examined using XRD analysis,
and the patterns for VoL-AgNPs and OhRb-AgNPs are illustrated
in Fig. 3A and Fig. 3B. The distinct peaks for VoL-AgNPs appeared
at angles of 27.86°, 32.15°, and 38.1°, corresponding to the crystal-
lographic planes (210), (122), and (111). In contrast, OhRb-AgNPs
exhibited peaks at 23.15°, 27.21°, 29.69°, 32.34°, 38.2°, and
43.65°, associated with planes (010), (210), (011), (122), (111),
and (012), respectively. These peaks confirm the crystalline struc-
tures of both types of AgNPs, consistent with the standard AgNP
XRD pattern from JCPDS file number 04-0783.

Further, the zeta potential analysis (Fig. 3C, Fig. 3E) showed
prominent peaks for VoL-AgNPs at −25.7 mV and for OhRb-
AgNPs at –23.5 mV, indicating that biomolecules may be capping
nd B depicted the XRD pattern of VoL-AgNPs and OhRb-AgNPs, respectively, while C
OhRb-AgNPs, respectively.

move_f0015
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the AgNPs. The single peaks suggest that both types of nanoparti-
cles are stable. Average size distribution of VoL-AgNPs and OhRb-
AgNPs was determined to be 79.92 ± 45.61 nm and 106 ± 68.01 n
m, respectively (Fig. 3D, Fig. 3F).
Fig. 4. Antibacterial and antifungal activity of VoL-AgNPs (A) and OhRb-AgNPs (B). In Fig
extract, C contains 50 lg VoL-AgNPs, D contains 75 lg VoL-AgNPs, and E contains the an
contains 50 lg OhRb-AgNPs, D contains 75 lg OhRb-AgNPs, and E contains the antibiotic
AgNPs, respectively, against MDR pathogens (E. coli, S. aureus, S. agalatiae, K. pneumoniae, P
the mean values, while the standard deviation is shown as the error bars on bar plots.
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3.4. Antimicrobial activity

The antimicrobial activity of VoL and OhRb extracts, 10 mM
AgNO3 solution, biosynthesized VoL-AgNPs, OhRb-AgNPs, and ami-
. A, the labeling on the plates depicts that A contains 10 mM AgNO3, B contains VoL
tibiotic Amikamicin. In fig. B, A contains 10 mM AgNO3, B contains OhRb extract, C
Amikamicin, while A* and B* illustrated a clear ZOI (m m) of VoL-AgNPs and OhRb-
. aeruginosa, and Candida spp.). All tests were carried out in triplicate. Bar plots show
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Table 1
MIC and MBC of VoL-AgNPs and OhRb-AgNPs.

Tested strains VoL-AgNPs OhRb-AgNPs

MIC (lg/mL) MBC (lg/mL) MIC (lg/mL) MBC (lg/mL)

E. coli 0.39 0.78 1.56 3.12
P. aeruginosa 0.78 1.56 3.12 6.12
S. aureus 1.56 3.12 3.12 6.12
S. agalatiae 1.56 3.12 1.56 3.12
K. pneumoniae 0.78 1.56 1.56 3.12
Candida spp. 0.78 1.56 3.12 3.12
kacin antibiotics was assessed. The results demonstrated clear
zones of inhibition ranging from 12 mm ± 0.636 to 25 mm ± 0.2
82 against various bacterial strains, including S. aureus, E. coli,
and P. aeruginosa (Fig. 4A, Fig. 4B).

All the tested bacterial species exhibited a dose-dependent
response, where increasing concentrations of AgNPs led to larger
zones of inhibition (Fig. 4A*, Fig. 4B*). Table 1 presents the MIC
and MBC values for the pathogenic strains.

3.5. Assessing antioxidant and hemolytic potential of synthesized
nanoparticles

The antioxidant activity of the synthesized nanoparticles was
evaluated using the DPPH assay. The scavenging activities of VoL-
AgNPs and OhRb-AgNPs were lowest at concentrations of 75 lg/
mL (57 ± 3.98% and 62 ± 1.51%). At the highest concentration of
125 lg/mL, the scavenging activity increased to 83 ± 2.92% for
VoL-AgNPs and 79 ± 3.91% for OhRb-AgNPs. Ascorbic acid, used
as a reference standard, showed 91.262 ± 0.267% inhibition. The
findings demonstrate that the antioxidant activity of both VoL-
AgNPs and OhRb-AgNPs significantly increased with higher con-
centrations (Fig. 5A*, Fig. 5B*).

Triton X-100 and PBS, used as positive and negative controls for
hemolysis assay, showed 100% and 0% hemolysis, respectively.
When RBCs were exposed to lower concentrations of VoL-AgNPs
and OhRb-AgNPs for 60 min, no discernible hemolysis was
observed (Fig. 5C, Fig. 5D). The maximum hemolysis (5–7%) was
observed only after use of NPs at higher concentration i.e.,
300 lg/mL and above, suggesting the degree of hemolysis was
dose-dependent.
4. Discussion

The rise of antibiotic resistance in microbes and the adverse
effects of synthetic drugs have raised global concerns, especially
regarding the treatment of MDR pathogens [2,3]. In the present
study, we describe a rapid, cost-effective method for the biogenic
synthesis of AgNPs using aqueous extracts of V. odorata leaves
and O. hispidum roots and demonstrate their potential use against
MDR pathogens.

The green approach involved a one-step process that effectively
synthesized VoL-AgNPs and OhRb-AgNPs within the shortest time
of 5–20 min, at 55°C and 60°C respectively, using 10 mM AgNO3.
The use of 1–5 mM AgNO3 also led to the synthesis of AgNPs but
the time required was higher. This process involved the activation
of liberated electrons, resulting in a color change in the solution
containing VoL and OhRb extracts. The strong SPR bands observed
at 420 nm for VoL-AgNPs and 430 nm for OhRb-AgNPs confirmed
the successful synthesis of AgNPs (Fig. 1), consistent with earlier
reports [26,27,28]. Here, the pH of the plant extract also played a
crucial role in the synthesis process; the highest production of
AgNPs occurred at pH 10, which may be attributed to the presence
of more free electrons facilitating the reduction processes. This
25
observation aligns well with previous studies [26,27] that reported
a similar trend in the UV–Vis spectrum with increasing pH of the
plant extracts.

The plant extracts contain bioactive components like proteins,
polysaccharides, peptides, phenols, enzymes, and vitamins, which
act as both reducing and stabilizing agents, enabling an environ-
mentally friendly synthesis without the need for hazardous chem-
icals [5,31]. FTIR analysis of the VoL and OhRb extracts, along with
their corresponding AgNPs, revealed characteristic peaks attribu-
ted to alcohols, phenols, amides, and other functional groups
[26,32,33,34,35]. The strong affinity of proteins’ carbonyl groups
and alcohols’ hydroxyl groups for metals suggested the develop-
ment of a coating surrounding the metal NPs, capping the NPs,
and inhibiting their aggregation.

XRD analysis confirmed the crystalline structure of both VoL-
AgNPs and OhRb-AgNPs, as indicated by the prominent peaks at
specific two-theta values (Fig. 3A, Fig. 3B). Additional peaks were
also observed that corresponded to organic compounds in the
extracts, responsible for reducing silver ions and forming the
AgNPs. The surface charge and stability of VoL-AgNPs and OhRb-
AgNPs, when measured using ZP, were found −27.9 mV and –
23.5 mV, with polydispersity index (PDI) of 0.25 and 0.246, and
average size around 79.92 ± 45.61 and 106 ± 68.01, respectively.
AgNPs with a PDI less than 0.3 are regarded as monodisperse, as
reported by previous studies [36,37]. The high negative charge
on the AgNPs, likely due to the adsorption of free ionic species, pro-
vided electrostatic stabilization, preventing particle aggregation
[16,18].

The synthesized VoL-AgNPs and OhRb-AgNPs have shown sig-
nificant antimicrobial activity compared to the corresponding
plant extract The MBC ranged between 0.39 and 6.125 lg/mL,
while the MIC was 0.781 to 3.125 lg/mL across six pathogenic
strains, which was lower than those reported in previous studies,
as detailed in Table S1. Of note, both AgNPs exhibited a slightly
stronger impact against E. coli pathogens compared to S. aureus.
This finding aligns with previous studies reporting that gram-
negative bacteria are generally more susceptible to AgNPs than
the gram-positive bacteria owing to the presence of a thick layer
of peptidoglycan, which acts as a barrier to Ag+ permeation
through the cytoplasmic membrane [38,39]. While the exact
antibacterial mechanism of AgNPs remains elusive, a compelling
explanation lies in the interaction of released Ag+ ions with essen-
tial biomolecules, including sulfur, oxygen, and nitrogen, within
microorganisms (Fig. 6). This interaction can lead to structural
damage and disruption of essential cellular functions [40,41].
Additionally, AgNPs may exert bactericidal effects through the
generation of free radicals that adhere to the bacterial cell wall,
creating pits that increase its permeability [42,43]. The ROS gen-
erated by Ag+ ions, acting on the thiol groups of respiratory
enzymes, potentially inhibiting their functions [44]. Moreover,
exposure to Ag+ ion induces shrinkage and separation of the cyto-
plasmic membrane from the cell wall, leading to the release of
cellular contents and ultimately causing the disintegration of cell
wall [41,42].
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Fig. 5. Antioxidant and hemolytic activity of VoL-AgNPs and OhRb-AgNPs. A* and B* depicted the antioxidant activity of VoL-AgNPs and OhRb-AgNPs, respectively. While A
and B depicted the hemolytic activity of VoL-AgNPs and OhRb-AgNPs, (A) photos of RBCs after being exposed to different doses of VoL-AgNPs, and (B) photos of RBCs after
being exposed to different doses of OhRb-AgNPs, together with Triton X-100 and PBS as positive and negative controls. All tests were carried out in triplicate.
Based on qualitative analysis, studies have reported that VoL
and OhRb contain an appreciable number of phenols, flavonols,
and flavonoids that may contribute to the antioxidant capabilities
26
of VoL-AgNPs and OhRb-AgNPs [22,24,25]. Recently, Dhiman et al.
[45] identified the primary phytocomponents of V. odorata as
anthocyanins, flavonoids, melatonin, coumarins, salicylic acid,
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Fig. 6. Possible mechanism of actions underlying the antibacterial effects of synthesized AgNPs.
and alkaloids — compounds that are known to elevate antioxidant
levels, reduce harmful oxidants, and suppress pro-inflammatory
cytokines (e. g. IL-1b, IL-6, TNF-a). These components, by lowering
the nitrite production and activating various neuroprotective
mechanisms in the nervous system, offered protection against
toxic affronts [45].

Studies have also shown that the strong antioxidant properties
of biogenically synthesized NPs enhance their therapeutic effects
by reducing oxidative stress in microbial cells [46,47]. The ROS
scavenging ability is crucial for the inhibition of oxidative damage,
thereby promoting cell survival in healthy tissues while contribut-
ing to the antimicrobial action against pathogens. This dual action
positions the NPs as effective agents in addressing the infections
and reducing inflammation simultaneously [47].

The results of our research align well with previous studies [8],
demonstrating that plant-mediated conversion of AgNO3 to nanos-
cale Ag+ imparts antioxidant properties to AgNPs. An observed
increase in DPPH scavenging activity with higher AgNP concentra-
tions underscores the role of plant extracts in neutralizing free rad-
icals and protecting cells from oxidative damage [47]. The
biocompatibility of biosynthesized VoL-AgNPs and OhRb-AgNPs,
enhanced by biomolecules acting as natural stabilizers, further
supports their potential for biomedical applications [13,23,24]
(Fig. 5).

In conclusion, this study contributes to the field of green
nanobiotechnology by explaining the successful synthesis of
AgNPs using natural plant extracts of VoL and OhRb. The charac-
terized AgNPs demonstrated potent antibacterial and antifungal
activity against MDR pathogens, strong antioxidant properties,
and low hemolytic activity. These findings suggest their
potential use in antimicrobial wound dressings, topical antibiotic
formulations, and therapies targeting oxidative stress-related
disorders. The environmentally benign green synthesis of
AgNPs offers rapid, cost-effective, and biocompatible production
suitable for commercial scaling. Further exploration is warranted
to fully realize their applications in the pharmaceutical
industry.
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