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Abstract

Silver nanoparticles synthesized using Verbascum uschakense extract at a reaction temperature of 60 °C were character-
ized through multiple analytical techniques. These included ultraviolet-visible absorption spectroscopy, X-ray diffrac-
tion analysis, high-resolution transmission electron microscopy, and scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy. Ultraviolet-visible spectral analysis revealed a surface plasmon resonance peak at 432
nanometers, indicating the successful formation of silver nanoparticles. Microscopic analyses demonstrated that the na-
noparticles were predominantly spherical in shape, with particle sizes ranging between 4 and 14 nanometers. X-ray dif-
fraction analysis confirmed that the silver nanoparticles possessed a face-centered cubic crystal structure, as evidenced
by characteristic diffraction peaks at 26 values of 38.21°, 44.46°, 64.59°, and 77.48°, corresponding to the (111), (200),
(220), and (311) planes, respectively.

Regarding the biological activities, the antioxidant capacity of the aqueous extract of V. uschakense was evaluated
by its ability to scavenge free radicals. At a concentration of 1 milligram per milliliter, the extract demonstrated a 86.93
percent scavenging effect against the stable radical 2,2-diphenyl-1-picrylhydrazyl. In comparison, the silver nanoparticles
synthesized from the plant extract exhibited a 60.04 percent scavenging effect at the same concentration. Additionally, the
silver nanoparticles showed strong inhibition in the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scav-
enging assay, with values comparable to those obtained using the standard antioxidant TroloxThe antimicrobial properties
of the biosynthesized silver nanoparticles were examined using the disc diffusion method. The nanoparticles exhibited
inhibitory activity against several pathogenic microorganisms, including Staphylococcus aureus, Streptococcus mutans, Es-
cherichia coli, Pseudomonas aeruginosa, Listeria monocytogenes, and fungal species belonging to the Candida genus.

These results highlight the potential of V. uschakense-mediated silver nanoparticles as multifunctional bioactive
agents with both antioxidant and antimicrobial properties. The study demonstrates that green synthesis offers a sustain-
able and effective approach to producing nanomaterials with potential applications in biomedical and pharmaceutical
fields.
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1. Introduction

Nanotechnology has made revolutionary advance-
ments in various industrial and scientific fields in recent
years. Nanoparticles (NPs) possess unique physicochem-
ical properties due to their specific sizes, shapes, compo-
sitions, and high surface area-to-volume ratios.!> These
properties enable NPs to be used in a wide range of appli-
cations, including antimicrobial, anticancer, anti-inflam-
matory, surfactant, and drug delivery systems. However,
traditional physical and chemical synthesis methods often

result in high costs and the production of toxic by-prod-
ucts.’

Green synthesis methods are emerging as an
eco-friendly alternative to overcome these issues.* NPs
produced from biological materials are known as biogen-
ic NPs, and the related synthesis process is referred to as
green synthesis. The green synthesis of NPs involves the
use of prokaryotic/eukaryotic cells or extracted biomole-
cules that act as reducing agents.* Plant biomass/extract
offers several advantages over other microscopic organ-
isms for NP synthesis due to its diverse biological mate-
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rials. The biosynthesis of metallic NPs using plants occurs
through biomolecules present in plant biomass, which
contain organic functional groups.’

Moreover, recent reviews have underscored the bio-
medical promise of silver and gold nanoparticles synthe-
sized via green routes, particularly due to their high bio-
compatibility and antimicrobial efficacy.®

Similarly, microbial-mediated synthesis approaches
have also shown significant antibacterial potential, as ev-
idenced by the biosynthesis of AgNPs using Lactobacillus
and Bacillus species,’” supporting the diversity of biological
agents usable in eco-friendly nanomaterial production.

Verbascum species are plants with many therapeutic
uses in traditional medicine. They are particularly known
for their expectorant, diuretic, soothing, demulcent, and
sedative effects, as well as their antiviral, antibacterial,
antifungal, cytotoxic, and antitumor activities.® These
properties necessitate detailed bioactivity and chemical
composition studies of Verbascum species. Research has
shown that the Verbascum genus contains various sec-
ondary metabolites, such as iridoid glycosides, triterpenic
saponins, and flavonoids.® 1% These active compounds pro-
vide strong biological activities that support the potential
medicinal applications of these plants.

In recent years, there has been a notable rise in re-
search exploring plant-derived gold nanoparticles as car-
riers for therapeutic agents, which further emphasizes the
significance of exploring medicinal plants such as Verbas-
cum spp. for similar nanomedical applications.!!

While several Verbascum species have been studied
for their phytochemical composition and biological ac-
tivities, there is currently a significant lack of research re-
garding V. uschakense, an endemic species of Turkey. The
novelty of this study lies in its focus on this underexplored
species, thereby addressing a notable gap in the existing
literature. Recent studies have emphasized the increasing
interest in exploring lesser-known Verbascum taxa for na-
noparticle-based biomedical applications.'?1* However, to
our knowledge, this is the first report on the use of V. us-
chakense in the green synthesis of silver nanoparticles. This
study not only contributes to the growing field of green
nanotechnology but also adds new insights into the poten-
tial applications of endemic flora in nanomedicine. Such
studies are essential for broadening the chemotaxonomic
understanding of the genus and for identifying novel bi-
oresources for eco-friendly nanomaterial production.This
study involves the green synthesis of silver nanoparticles
(AgNPs) using the aqueous extract of the aerial parts of V.
uschakense, an endemic species growing in Turkey, which
has not yet been studied in terms of its chemical composi-
tion and bioactivity in the literature. The antibacterial and
antioxidant activities of these nanoparticles were also eval-
uated. This research aims to provide valuable insights into
the potential medicinal applications of V. uschakense and
the biological activities of silver nanoparticles produced
through green synthesis methods.

2.Experimental

2. 1. Collection and Identification of Plant
Materials

V. uschakense (Murb) Hub.-Mor. was collected from
B3 Afyon - Central Northeast, steppe, at an altitude of
1020 meters by Prof. Dr. Mustafa Kargioglu and identi-
fied. The plants were cut into small pieces and dried in the
shade at room temperature.

2. 2. Preparation of Plant Extracts in the
Laboratory

Fresh leaves of V. uschakense were first cleaned with
tap water and then rinsed with deionized water. After
air-drying in the shade for 2-3 days, the leaves were pul-
verized into a fine powder using an electric blender. A total
of 10 g of the powdered leaves was mixed with 200 mL of
distilled water and heated to 70-80 °C while stirring for 30
minutes using a magnetic stirrer. The resulting extract was
filtered through Whatman Grade 1 filter paper, allowed to
cool, and stored at 4 °C in a refrigerator.!>~'¢ Additionally,
Soxhlet extraction was employed to obtain further plant
extracts, which were then used for antioxidant activity
analysis.

2. 3. Green Synthesis of Silver Nanoparticles

Silver nitrate (AgNO;) solutions with concentrations
of 0.1 mM, 1 mM, and 5 mM were prepared by dissolving
AgNO:; crystals in deionized water. These solutions were
mixed with the V. uschakense extract in a 1:10 (v/v) ra-
tio (e.g., 5 mL AgNO; solution to 45 mL plant extract),
making a total reaction volume of 50 mL. !” The mixture
was transferred into a glass reaction container wrapped in
aluminum foil to protect it from light and was left undis-
turbed at room temperature (25 + 2 °C) until a visible color
change from yellow to dark brown was observed, which
typically occurred within 24 hours, indicating the forma-
tion of silver nanoparticles. After the reaction, the solution
was centrifuged at 5000 rpm for 20 minutes. The superna-
tant was discarded, and the precipitate was washed with
5 mL of deionized water twice, followed by a final wash
with ethanol. The resulting pellet was dried in an oven at
60 °C for 30 minutes. The synthesized nanoparticles were
referred to as VUAgNPs.

2. 4. Characterization of Synthesized
Nanoparticles

The silver nanoparticles synthesized via green syn-
thesis were examined using both macroscopic and micro-
scopic analysis techniques. During the reaction process,
the color change from yellow to brown in the plant extract
was observed. The surface plasmon resonance peak in-
dicating the formation of AgNPs was monitored using a
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UV-1700 PHARMA SPEC brand UV-vis spectrophotom-
eter. The size and structural properties of the nanoparti-
cles were analyzed using a JEOL JEM-1400 PLUS model
transmission electron microscope (TEM). XRD analyses
were conducted on a PANalytical Empyrean device using
at least 0.1 g of sample. Additionally, imaging was per-
formed using a LEO 1430 VP model scanning electron
microscope (SEM) and an energy-dispersive X-ray spec-
troscopy (EDX) detector, specifically the RONTEC QX2
model XFlash type X-ray detector.

2. 5. Antioxidant Activity Tests of Silver
Nanoparticles

2.5. 1. DPPH Free Radical Scavenging Activity
Method

The free radical scavenging activities of silver na-
noparticles obtained using plant extract and aqueous
fraction were analyzed using the DPPH free radical
method.'® Samples prepared at concentrations of 0.0625,
0.125, 0.25, 0.5, and 1 mg/mL were added to microplates
in a volume of 40 pL, followed by the addition of 160 uL
of DPPH solution. For the control group, 40 uL of ul-
tra-pure water was used instead of the sample. After in-
cubating the mixtures at room temperature for 30 min-
utes, the absorbance values were measured at 517 nm.
These values were evaluated by comparing them with the
control. BHA and GA were used as standards. The free
radical scavenging activity was determined using the fol-
lowing formula:

% DPPH Inhibition = [(A4, — A,) / Ay] x 100

where A, is the absorbance of the control group, and A,
is the absorbance of the samples.!® The % inhibition rates
were calculated using the data obtained from these ab-
sorbance values.?® All experiments were performed in
triplicate and the results were expressed as mean + stand-
ard deviation.

2. 5. 2. Evaluation of Antioxidant Activity Using
the ABTS* Radical Cation Method

The antioxidant activity of both the plant extract
and VUAgNPs was evaluated using the ABTS* radical
cation decolorization method, as outlined by Thaipong
et al.?! This technique involves the inhibition of the
ABTS* radical cation, which is produced through an
oxidation reaction involving 2,2’-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) and potassium persulfate
(K»S,05). A 2.6 mM potassium persulfate solution and
a 7.4 mM ABTS" solution were prepared as stock solu-
tions. The working solution was created by combining
equal volumes (1:1) of both stock solutions, followed
by incubation in the dark at room temperature for 16

hours. Afterward, the ABTS* solution was diluted with
methanol to achieve an absorbance of 1.1 + 0.02 units
at 734 nm (1:80). Then, 150 pL of the sample was mixed
with 2850 uL of the freshly prepared ABTS* solution
and incubated in the dark for 6 minutes. The absorb-
ance was then measured at 734 nm. Trolox was used as
the standard solution in this assay. The ABTS* radical
inhibition percentage was determined using the equa-
tion below:

Inhibition (%) = [(Acontrol - Asample) / Acontrol] x 100

A ontrol: Absorption obtained by adding solvent in-
stead of sample Ag,pyle: Absorbance of sample All experi-
ments were performed in triplicate and the results were
expressed as mean + standard deviation.

2. 6. Antibacterial Activity of Silver
Nanoparticles

The microorganisms used for the antimicrobial
activity study (P. aeruginosa ATCC 27853, E. coli ATCC
25922, S. aureus ATCC 25923, Staphylococcus mutans, Lis-
teria monocytogenes, Candida sp) were obtained from the
culture collection of Usak University Vocational School of
Health Services.

The antimicrobial activity of VUAgNPs was evaluat-
ed against fungi and bacteria using the agar well diffusion
method. Under sterile conditions, wells were created on
Miiller Hinton Agar (Merck, 105437) (MHA), and 50 puL
of the extract was added to each well. Bacterial cultures,
which were incubated overnight, were diluted with sterile
water to a turbidity standard of 0.5 McFarland at 600 nm,
and streak inoculations were performed at a right angle to
the wells. After incubation at 37 + 2 °C for 24 hours, the
zone of inhibition, where bacterial growth had begun, was
measured in millimeters.

2. 7. Antifungal Activity

The fungi used for the antifungal activity study
(Penicillium citrinum NRRL174127, Aspergillus flavus
NRRL980, Fusarium solani NRRL13414, Aspergillus niger
1094) were obtained from the culture collection of Usak
University Vocational School of Health Services.

A 1 cm agar disk was removed from the center of
Petri dishes containing PDA. 50 mL of solvent and test
material samples were separately added to these wells.
The samples were taken from the outer edges of the fun-
gal colony types. After this step, they were inoculated
onto PDA plates at equal distances from the center wells.
The plates were incubated in the dark at 27 °C for 7 days.
The distance of the fungal hyphae from the center well
was measured in millimeters. The percentage inhibition
of mycelial growth was calculated by comparing it with
the control.
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3. Results And Discussion

3. 1. Characterization of Synthesized
Nanoparticles

3. 1. 1. UV-Visible Spectroscopy Analysis

Due to the interaction of VUAgNPs with mobile
surface electrons, a significant reaction known as surface
plasmon resonance (SPR) occurs in the range of 400-500
nm, resulting in a transformation from a pale yellow to a
brown colloidal solution. This color change allows for the
qualitative detection of AgNPs, and it has been reported
that the increase in concentration of AgNPs over time is
due to the SPR on their surfaces.??
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colloidal formation also support this result; silver nano-
particles typically exhibit a yellowish-brown color, which
correlates with the SPR peak.?

The morphology of silver nanoparticles can vary
depending on the synthesis conditions, which also af-
fects the SPR values determined by UV-Vis spectros-
copy.?® Sun et al.2*> demonstrated that the UV-Vis ab-
sorbance of silver nanoparticles is generally in the 400-
450 nm range and that there is a strong relationship
between nanoparticle size and spectral position. Jain
et al.?®> emphasized that the SPR peaks vary depend-
ing on the shapes and sizes of silver nanoparticles and
that optical properties can be controlled. Additionally,
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Figure 1. UV-Vis absorption spectra of silver nanoparticles synthesized using V. uschakense aqueous extract. The spectra correspond to: (a) plant
extract, (b) 5 mM AgNO;, and (c) 1 mM AgNOs;. The 0.1 mM AgNO; sample was excluded due to the absence of a SPR peak. A more intense and
sharper SPR band was observed at 5 mM, indicating enhanced nanoparticle formation at higher precursor concentration.

The color change observed in our study and the data
showing a maximum absorbance of 432 nm for VUAgNPs
in UV-Vis measurements support this formation (Figure
1). In UV-Vis analysis, a distinct SPR peak in the range of
400-500 nm is expected during the characterization of sil-
ver nanoparticles. In this study, the maximum absorbance
peak at 432 nm is consistent with values reported in the
literature. It is particularly thought that the peak obtained
in the range of 400-450 nm indicates that the nanopar-
ticles were synthesized in a small size and uniformly.??
The SPR property of AgNPs arises from the interaction
of mobile electrons on the surface of metal nanoparticles
with light, and this interaction is used as a fundamental
indicator in the study of the optical properties of nano-
particles.*

The emergence of a surface plasmon resonance
(SPR) peak around 432 nm suggests that the silver nano-
particles are likely spherical or near-spherical in shape and
range in size from approximately 10 to 50 nm, which is
consistent with previously reported size distributions and
characteristic SPR features for VUAgNPs.20-2> Addition-
ally, macroscopic observations such as color change and

Sharma et al.?® pointed out the effects of environmental
conditions and synthesis methods on SPR, noting that
silver nanoparticles have a broad-spectrum antimicro-
bial effect.

3. 1. 2. Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy (SEM-EDX)

Elemental analyses of silver nanoparticles were
conducted using an Energy Dispersive X-ray device in-
tegrated with an electron microscope. Figure 2 presents
the SEM images of VUAgNPs samples and the results of
the EDX analysis. SEM-EDX spectroscopy was utilized to
confirm the formation of pure silver or silver oxide par-
ticles in the elemental composition. In various studies,
the observation of an ~3 keV optical absorption peak in
the formation of AgNPs has been indicated to be due to
the surface plasmon resonance of silver nanoparticle ex-
tracts. 3

SEM images provide important insights into the
morphology and distribution of nanoparticles. The SEM
images presented in this study indicate that the AgNPs
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Figure 2. SEM image and EDX analysis result of the VUAgNPs sample.

generally possess a spherical or near-spherical structure.
This is consistent with the morphology of AgNPs com-
monly observed in the literature.?? Silver nanoparticles
typically exhibit a homogeneous structure, with sizes gen-
erally ranging from 10 to 100 nm. This size range is also
compatible with the SPR peak observed at 432 nm ob-
tained from UV-Vis spectroscopy.

EDX analysis confirms the elemental composition
of the nanoparticles in addition to the visual information
obtained from the SEM images. The Ag (silver) peak ob-
served in the EDX analysis of this study proves that the
nanoparticles are composed of pure silver. This finding in-
dicates that pure silver nanoparticles were obtained during
the synthesis process and that no contamination occurred.
These results are in parallel with the studies conducted by
Alanazi et al.%

The other elements observed in the EDX analysis
(such as oxygen) may indicate oxidation occurring on the
surface of the nanoparticles or the presence of stabilizing
agents. The presence of such elements can enhance the
long-term stability of the nanoparticles and their potential
in biomedical applications.?

O D D O O D OO O N e

3. 1. 3. Transmission Electron Microscopy (TEM)

The structural characterization of the synthesized
silver nanoparticles and their size analysis, as shown in
Figure 4, indicates that spherical nanoparticles (4-14 nm)
were obtained for VUAgNPs.

According to the results of TEM, the synthesized
silver nanoparticles are observed to be in the size range of
4-14 nm and exhibit a spherical morphology. (Figure 3).
In addition to the prominent peaks corresponding to silver
(Ag) and oxygen (O), minor peaks were observed at approx-
imately 0.25 keV (C), 1.5 keV (Al), 1.74 keV (Si), and 2.3
keV (S), which may originate from the sample holder mate-
rials (e.g., carbon tape or copper grid), residual compounds
from the synthesis process, or environmental contamina-
tion. The characteristic Ag peaks, including both low-ener-
gy (La/LB) and high-energy (Ko at ~8.04 keV) signals, con-
firm the presence of silver nanoparticles. The peak observed
near 8.9 keV may be attributed to the Ag Kp line or could
overlap with the Cu Ka peak from the copper grid used dur-
ing analysis. These findings indicate that the methods used
during nanoparticle synthesis are effective in achieving size
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Figure 3. TEM-EDX spectrum of the synthesized silver nanoparticles.

control and homogeneous particle shape. The small size of
the nanoparticles generally indicates a larger surface area
and consequently a more active surface chemistry, which
provides significant advantages in biological and catalytic
applications. The attainment of a spherical structure can en-
hance the stability and dispersibility of the particles, which
is a critical factor, especially in biomedical applications
(for example, in drug delivery systems or as antimicrobial
agents). These results are consistent with other studies in the
literature; for instance, it has been reported that silver na-
noparticles synthesized in similar size ranges optimize an-
timicrobial activity and significantly improve optical prop-
erties such as surface plasmon resonance. In this context,
the findings obtained from the TEM analysis provide strong
insights into the potential applications of these particles.
Various studies have reported that silver nanoparticles are
typically in spherical form and in the size range of 5-50 nm.
For example, Sotiriou and Pratsinis*! obtained spherical
silver nanoparticles with diameters of 20-40 nm and noted
that the surface plasmon resonance properties of these par-
ticles are directly related to their size. Similarly, Ahamed et
al.32 detected the sizes of synthesized silver nanoparticles in

n
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the range of 10-25 nm through TEM images and stated that
the particles are highly monodispersed.

3. 1. 4. X-ray Diffraction Analysis (XRD)

XRD is employed to investigate the particle size,
phase composition, and crystal structure of VUAgNPs syn-
thesized through the green synthesis approach, with parti-
cle sizes ranging between 5 and 40 nm.* (Figure 4). In the
research by Bagherzade et al.3* the XRD pattern of synthe-
sized AgNPs showed four distinct diffraction peaks at 28
values of 38.35° 46.46°, 64.75°, and 77.62°, corresponding
to the characteristic Bragg planes (111), (200), (220), and
(311) of the face-centered cubic (FCC) structure.

In this study, the XRD data of the synthesized VUAg-
NPs reveal peaks at 20 = 38.21°, 44.46°, 64.59°, and 77.48°,
which correspond to the Bragg reflections of the (111),
(200), (220), and (311) planes, respectively. These peaks
match well with the standard data for crystalline silver
(JCPDS Card No. 04-0783), confirming the formation of
a face-centered cubic structure. The absence of addition-
al impurity peaks indicates high purity of the synthesized
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Figure 4. XRD results of the VUAgNPs sample.

nanoparticles. The data suggest that the AgNPs possess an
elemental silver (Ag®) composition and exhibit a predom-
inantly spherical crystalline morphology.

3. 2. Antioxidant Activity Tests of Silver
Nanoparticles

3. 2. 1. DPPH Free Radical Scavenging Capacity

The DPPH free radical scavenging capacity of V. us-
chakense extract and nanoparticles is shown in Figure 5.

100

The measurements, conducted at concentrations of 0.0625,
0.125, 0.25, 0.5, and 1 mg/mL, showed a dose-dependent
increase in absorbance.

In a study by Imtiaz et al.>> AgNPs synthesized from
Piper longum fruit extract exhibited an average inhibition
of approximately 67%, which was lower than both the
standard and fruit extract (~80%). In the present study,
the DPPH scavenging activity of VUAgNPs was observed
to be lower than the standard antioxidant BHA. Addi-
tionally, another investigation noted that the inhibition
capacity of AgNPs increased with concentration, with the

DPPH Radical Scavenging Effect

Inhibition (%)

D

80}
60+
a0t
2
0

VAgNP
- BHA

1

1 mg/mL

0.25 mg/mL

0.125 mg/mL 0.0625 ma/mL

Concentration (mg/mL)

Figure 5. Radical Scavenging Effect of VU and VUAgNPs on DPPH.

VU: (V. uschakense plant extract); VUAgNPs: Silver nanoparticles obtained through green synthesis from the extract.
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highest DPPH activity recorded at 100 mg/mL reaching
55.84 + 1.31%.%¢ In our experiment, the V. uschakense ex-
tract showed a DPPH free radical scavenging capacity of
86.93% at 1 mg/mL, whereas VAgNP exhibited 60.04%.
Notably, the plant extract demonstrated a stronger DPPH
radical scavenging effect compared to the silver nanopar-
ticles.

Silver nanoparticles interact with free radicals and
release hydrogen, converting them into more stable prod-
ucts.’” This mechanism explains the lower antioxidant
activity of silver nanoparticles in comparison to the plant
extract. Similar findings were reported by Balkan et al.*8
and Kiip et al.*” in their respective studies.

3. 2. 2. Radical Cation Test with 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS)

The ABTS cation radical scavenging capacities of V.
uschakense plant extract (VU) and the silver nanoparticles
(VUAgNPs) synthesized from this extract using a green
synthesis method were investigated at five different con-
centrations (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/
ml, 0.0625 mg/ml). Trolox was used as a standard. At a
concentration of 1 mg/ml, VAgNP and Trolox exhibited
nearly the same level of radical scavenging capacity, with
inhibition values of 83.48% and 83.23%, respectively.
However, the inhibition of VU was significantly lower at
43.30% (Figure 6)

The ABTS cation radical scavenging activity of
VUAgNPS is quite close to that of Trolox at higher con-
centrations (1 mg/ml and 0.5 mg/ml). Specifically, at a
concentration of 1 mg/ml, VUAgNPs exhibited an inhibi-
tion value nearly equivalent to that of Trolox (83.48% and
83.23%). This indicates, as previously mentioned in the

literature.*® That silver nanoparticles possess very strong
antioxidant properties. Although these nanoparticles
show a decrease in inhibition capacity as the concentration
decreases, they still demonstrated similar performance to
Trolox even at a concentration of 0.0625 mg/ml.

The plant extract has a lower radical scavenging ca-
pacity and exhibits significantly lower inhibition values
compared to the nanoparticles, especially at concentra-
tions of 1 mg/ml and 0.5 mg/ml. The lower inhibition of
the plant extract compared to the nanoparticles supports
the finding that silver nanoparticles, which have a high
surface area and nanoparticle sizes, enhance antioxidant
capacity.*!

The discrepancy observed between the results of the
DPPH and ABTS assays can be attributed to the differ-
ences in radical species, solvent solubility, and underlying
reaction mechanisms of the two methods. The DPPH rad-
ical is lipophilic and primarily soluble in organic solvents,
whereas the ABTS radical is soluble in both aqueous and
organic media, making it more reactive toward both hy-
drophilic and lipophilic antioxidants.!? In our study, the
enhanced ABTS radical scavenging activity of the hydro-
philic silver nanoparticles (VUAgNPs) may be due to this
compatibility in the aqueous medium.

Moreover, the DPPH assay predominantly involves
a hydrogen atom transfer (HAT) mechanism, while the
ABTS assay operates through both hydrogen atom trans-
fer and electron transfer (ET) mechanisms.!® This dual
mechanism in ABTS could explain the higher reactivity
of silver nanoparticles in this assay, as also supported by
previous studies reporting that the high surface area and
energy of nanoparticles enhance their antioxidant inter-
actions. ¥-% Consistently, in our results, while VUAgNPs
exhibited lower inhibition values in the DPPH assay com-
pared to the plant extract, they showed comparable activ-

ABTS Cation Radical Scavenging Capacity

100

Inhibition (%)

1 ma/mL

0.5 mg/mL

0.25 mg/mL

- VU
. VAgQNPs
= Trolox

0.125 ma/mL 0.0625 ma/mL

Concentration {mg/mL)

Figure 6. The ABTS cation radical scavenging capacities of VU and VUAgNPs.

VU: (V. uschakense plant extract); VAgNP: Silver nanoparticles obtained from the extract using the green synthesis method.
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ity to Trolox in the ABTS assay. These findings underline
the complementary nature of both methods and highlight
the importance of employing multiple assays to obtain a
comprehensive assessment of antioxidant capacity.

3. 3. Determination of the Antibacterial
Activity of Silver Nanoparticles

In our study, VUAgNPs completely inhibited the
growth of Listeria monocytogenes. It exhibited the highest
antimicrobial activity against Staphylococcus aureus (10
mm), followed by Pseudomonas aeruginosa (5 mm) and
Staphylococcus mutans (5 mm). VUAgNPs inhibited the
mycelial growth of Aspergillus niger by 6.66%. Addition-
ally, it inhibited the mycelial growth of Fusarium solani
NRRL13414 by 68.75%, while inhibiting Aspergillus flavus
NRRL980 mycelial growth by 44.44%.

The antimicrobial effects of AgNPs are generally
based on various mechanisms, such as the production of
reactive oxygen species (ROS), damage to the cell mem-
brane, and inhibition of DNA and protein synthesis.*? The
bacterial inhibition zones observed in this study indicate
that AgNPs weaken the survival abilities of these patho-
gens by disrupting the cell membrane and releasing silver
ions. These mechanisms have been widely discussed in the
literature and are supported by findings that emphasize
the difficulty of developing resistance due to the multiple
modes of action of AgNPs.*?

AgNPs are known for their potent antimicrobial prop-
erties, attributed to their small size and large surface area.
This study observed complete inhibition of Listeria mono-
cytogenes growth, aligning with previous research that high-

Table 1. Determination of antimicrobial effect by line method

lights AgNPs strong activity against Gram-positive bacteria.
Despite their thick peptidoglycan layers, these bacteria can
be penetrated by silver nanoparticles, which bind to the cell
membrane and disrupt internal cellular structures.**** A
10 mm inhibition zone observed against Staphylococcus au-
reus further emphasizes the effectiveness of AgNPs against
Gram-positive strains, which is well-documented in the lit-
erature In addition, inhibition zones of 5 mm against Staph-
ylococcus mutans and Pseudomonas aeruginosa suggest that
AgNPs could also inhibit Gram-negative bacteria. Notably,
Pseudomonas aeruginosa, which is resistant to multiple
drugs, was also inhibited by AgNPs, pointing to a potential
alternative mechanism of action that differentiates nanopar-
ticles from traditional antibiotics.*>

3. 4. Determination of the Antifungal Activity
of Silver Nanoparticles

The inhibition rates on fungal mycelial growth are
also noteworthy. The 68.75% inhibition of Fusarium sola-
ni mycelial growth highlights the potential of VUAgNPs
against fungal pathogens. This finding is consistent with
previous studies suggesting that the efficacy of AgNPs
against fungi may vary depending on the species of the
microorganism.*®

The 44.44% inhibition of Aspergillus flavus mycelial
growth is also an important finding. However, the myceli-
al growth of Aspergillus niger was inhibited by only 6.66%.
This suggests that silver nanoparticles may be less effective
against certain fungal species. Additionally, the literature
indicates that Aspergillus species generally exhibit resist-
ance to silver nanoparticles and that the mycelial structure

Staphylococcus ~ Staphylococcus  Escherichia ~ Pseudomonas Listeria Candida sp
aureus mutans coli aeruginosa monocytogenes
VUAgNPs 10 5 3 5 - 4
Table 2. % inhibition of samples on fungal mycelial growth
Penicilium citrinum Aspergillus flavus Fusarium solani Aspergillus niger
NRRL174127 NRRL980 NRRL13414 1094
VUAgNPs 22,22 44,44 68,75 6,66
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of these species may hinder the penetration of nanoparti-
cles.*” Monteiro et al.*® reported that silver nanoparticles
are particularly effective against soil-borne pathogens like
Fusarium and that these nanoparticles damage fungal cell
membranes. However, the low inhibition rate against As-
pergillus niger (6.66%) may indicate the potential for some
fungal species to develop resistance to VUAgNPs. This ob-
servation aligns with other studies highlighting the variable
effectiveness of VUAgNPs against different fungal species.*’

4. Conclusion

This study successfully demonstrated the green syn-
thesis of silver VUAgNPs using V. uschakense extract, an
endemic medicinal plant, and evaluated their physico-
chemical characteristics alongside antioxidant and anti-
microbial properties. The formation of nanoparticles was
confirmed through various analytical techniques, with UV-
Vis spectroscopy indicating a distinct surface plasmon res-
onance (SPR) at 432 nm typically associated with spherical
particles and TEM analyses revealing particle sizes between
4-14 nm. These results affirm that the synthesized nano-
particles possess uniform morphology and high purity.

In terms of biological activity, VUAgNPs exhibited
noteworthy free radical scavenging activity, particularly
in the ABTS assay, although their antioxidant potential re-
mained lower than that of the plant extract alone. More
significantly, the nanoparticles displayed potent antimi-
crobial efficacy, completely inhibiting Listeria monocy-
togenes and exhibiting broad-spectrum activity against
both Gram-positive and Gram-negative bacteria, as well
as select fungal species such as Fusarium solani.

These findings highlight the dual value of V. uschak-
ense: not only as a sustainable source for nanoparticle
synthesis but also as a contributor to the development of
bioactive nanomaterials with practical applications. Much
like a bridge connecting nature and nanotechnology, this
approach exemplifies how traditional medicinal plants can
be harnessed for modern biomedical and food safety inno-
vations. Future studies should delve deeper into the mech-
anistic pathways of these nanoparticles, their interaction
with microbial membranes, and their potential cytotoxici-
ty in clinical models, thereby advancing their applicability
in therapeutic and preservative fields.
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Nanodelce srebra, sintetizirane z uporabo ekstrakta Verbascum uschakense pri reakcijski temperaturi 60 °C, smo karak-
terizirali z razli¢nimi analitskimi metodami. Te so vklju¢evale UV-vis absorpcijsko spektroskopijo, rentgensko difrakci-
jsko analizo (XRD), visoko lo¢ljivo presevno elektronsko mikroskopijo (HR-TEM) ter vrsti¢no elektronsko mikroskopijo
(SEM) v kombinaciji z energijsko disperzijsko rentgensko spektroskopijo (EDX). Spektroskopska analiza je pokazala
znacdilen vrh pri valovni dolZini 432 nm, kar potrjuje uspesno tvorbo srebrovih nanodelcev (AgNP). Mikroskopske ana-
lize so pokazale, da so bili nanodelci pretezno sferi¢ne oblike, z velikostjo delcev med 4 in 14 nm. Rentgenska difrakcijska
analiza je potrdila ploskovno centrirano kubi¢no (FCC) kristalno strukturo nanodelcev, kar se je odrazalo v znacilnih
difrakcijskih vrhovih pri 26 vrednostih 38,21°, 44,46°, 64,59° in 77,48°, ki ustrezajo kristalnim ravninam (111), (200),
(220) in (311).

Glede bioloske aktivnosti smo antioksidativno sposobnost vodnega ekstrakta V. uschakense ovrednotili kot sposobnost
odstranjevanja prostih radikalov. Pri koncentraciji 1 mg/mL je ekstrakt izkazal 86,93 % inhibicije stabilnega radikala
2,2-difenil-1-pikrilhidrazil (DPPH). V primerjavi s tem so srebrovi nanodelci, sintetizirani iz istega rastlinskega ek-
strakta, pri enaki koncentraciji dosegli 60,04 % inhibicijo DPPH radikala. Poleg tega so AgNP v ABTS testu (2,2’-az-
ino-bis(3-etilbenzotiazolin-6-sulfonska kislina)) pokazali izrazito antioksidativno aktivnost, primerljivo z rezultati,
dosezenimi z uporabo standardnega antioksidanta Trolox.

Antimikrobne lastnosti biosintetiziranih srebrnih nanodelcev smo preucevali z metodo difuzije na disku. Nanodelci
so izkazovali inhibicijsko delovanje proti ve¢ patogenim mikroorganizmom, vklju¢no z vrstami Staphylococcus aureus,
Streptococcus mutans, Escherichia coli, Pseudomonas aeruginosa, Listeria monocytogenes in glivami iz rodu Candida.

Ti rezultati poudarjajo potencial srebrnih nanodelcev, sintetiziranih s pomoc¢jo V. uschakense, kot ve¢namenskih bi-
oaktivnih agensov z antioksidativnimi in antimikrobnimi lastnostmi. Studija dokazuje, da zelena sinteza predstavlja
trajnosten in uc¢inkovit pristop k pripravi nanomaterialov z moznimi aplikacijami na podro¢jih biomedicine in farmacije.
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