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Abstract

Background and Aim: The green biological synthesis of nanomaterials has attracted increasing attention due to its
environmentally friendly nature and potential biomedical applications. This study aimed to comparatively evaluate
the antibacterial and antibiofilm activities of aqueous Urtica dioica extract, its biosynthesized silver nanoparticles
(AgNPs), and chlorhexidine against Streptococcus mutans PTCC 1683.

Methods: Silver nanoparticles were synthesized by adding aqueous U. dioica extract to a silver nitrate solution
under controlled conditions. Key synthesis parameters, including extract volume, silver nitrate concentration, pH,
and reaction time, were optimized to obtain stable nanoparticle formation. The resulting nanoparticles were
characterized using UV-visible spectroscopy, FTIR, XRD, and SEM. Antimicrobial activity was assessed using
agar well diffusion assay, while minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were determined using standard broth dilution methods.

Results: Optimal synthesis conditions were achieved under neutral pH using 2 mL of plant extract and 4 mM silver
nitrate. Characterization confirmed the formation of predominantly spherical nanoparticles with sizes in the range
of 200-300 nm. In antibacterial assays, U. dioica aqueous extract showed the smallest inhibition zones, whereas
AgNPs and chlorhexidine exhibited significantly stronger antibacterial activity. In biofilm assays, the aqueous
extract demonstrated the lowest optical density (OD), indicating the strongest antibiofilm effect, while AgNPs and
chlorhexidine showed comparable inhibitory effects on biofilm formation.

Conclusion: These findings suggest that Urtica dioica aqueous extract and its green-synthesized silver
nanoparticles may serve as promising natural candidates for oral-care applications aimed at controlling S. mutans
and dental caries. The results highlight their potential as alternative antimicrobial agents for biomedical and dental
applications.
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harsh  conditions, raising concerns regarding

1. Introduction environmental safety and  sustainability (1)

Metallic nanoparticles represent an im_port_an_t clgss Consequently, the development of environmentally
of nanostructured materials due to their distinctive friendly and sustainable alternatives for nanoparticle
physicochemical and biological properties. However, production has become a critical research priority.
conventional ~ physical and ~chemical ~synthesis Biologically driven synthesis approaches have
techniques commonly involve hazardous reagents and emerged as viable substitutes for traditional methods.
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A wide range of biological systems, including fungi,
bacteria, viruses, and higher plants, have been
employed for the fabrication of metal nanoparticles
through low-cost and energy-efficient processes.
These approaches, generally referred to as green
synthesis, are attractive due to their operational
simplicity, environmental compatibility, and capacity
to generate stable nanoparticles with well-defined
sizes and morphologies (2). Among biological
sources, plant-based systems have gained particular
attention as renewable and scalable platforms for
nanoparticle synthesis. In contrast to microbial
routes—which require strict culture conditions and
may increase production costs—plant-mediated
synthesis offers a more practical and economical
alternative (3). Numerous plant species, including
camphor, nettle, alfalfa, geranium, Eucalyptus spp.,
bitter olive, tamarind, gooseberry, Aloe vera, and
coriander, have been successfully utilized for the
extracellular biosynthesis of metallic nanoparticles.
The effectiveness of plant extracts in nanoparticle
synthesis is largely attributed to the presence of
diverse bioactive constituents, such as secondary
metabolites, proteins, enzymes, and other reducing or
electron-donating compounds. These molecules
facilitate the reduction of metal ions and contribute to
nanoparticle stabilization.  Silver  nanoparticles
(AgNPs) can be produced via physical, chemical, or
biological routes (4,5); however, nanoscale silver
exhibits enhanced reactivity and bioactivity as a result
of its high surface-to-volume ratio and reduced
particle size (6). Owing to these properties, AgNPs
have been extensively investigated for applications in
antimicrobial, antifungal, antiviral, anti-inflammatory,
and anticancer fields (7). Urtica dioica (nettle) is one
of the medicinal plants reported to be effective in the
green synthesis of silver nanoparticles. This plant has
a long history of use in traditional Iranian medicine for
the management of conditions such as eczema, oral
lesions, and various skin, gastrointestinal, and
respiratory infections, with documented applications
dating back to classical medical scholars including
Galen and Avicenna. Streptococcus mutans is a Gram-
positive, facultative anaerobic bacterium and a major
component of the human oral microbiota.
Approximately 25 species of oral streptococci have
been identified, each occupying specific ecological
niches within the oral cavity. Disruption of this
microbial balance is closely associated with the
development of oral and dental disorders. S. mutans
plays a pivotal role in dental caries by fermenting
dietary sucrose into lactic acid, leading to enamel
demineralization, and by contributing to dental plaque
formation through extracellular polysaccharide
production (8). Considering the central role of S.
mutans in dental caries and the reported antimicrobial
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potential of silver nanoparticles, the present study was
designed to comparatively evaluate the effects of U.
dioica aqueous extract and its green-synthesized silver
nanoparticles on bacterial growth and biofilm
formation of S. mutans.

2. Methods

Collection of Plant Material and Preparation of
Aqueous Extract

Fresh Urtica dioica (nettle) plant material was
collected from the surrounding areas of Tehran during
the summer of 2021. Botanical identification and
authentication of the plant material were performed in
collaboration with the Herbarium and Plant
Systematics Laboratory, Iran University of Medical
Sciences. The collected samples were rinsed
thoroughly with water to remove surface impurities
and subsequently dried in an oven at 27 °C for three
days. The dried plant material was then pulverized into
a fine powder using an electric laboratory grinder
(Waring, USA).
For aqueous extraction, 50 g of dried plant material
(stems and leaves) was mixed with 500 mL distilled
water preheated to 70-80 °C. The mixtures were
sealed and incubated in a water bath at 60 °C for 24 h.
Following incubation, the extracts were filtered using
Whatman filter paper and a Blichner funnel to obtain
clear aqueous solutions (9).
Green Synthesis of Silver Nanoparticles
Silver nanoparticles were synthesized by adding 10
mL of the filtered U. dioica aqueous extract, prepared
by extracting 50 g of dried powder in 500 mL of
distilled water, to 90 mL of 1 mM AgNOs solution
(Merck, Germany). The reaction mixture was
maintained at ambient temperature under dark
conditions for 24 h to allow the reduction of Ag* ions
(10). A visible color transition from pale yellow to
dark brown or black was considered suggesting
relatively more favorable conditions for nanoparticle
formation under the tested experimental setup (11).
The resulting colloidal suspensions were centrifuged
at 8000 rpm for 20 min to recover the nanoparticle-
containing fraction. This step may also collect
partially aggregated silver nanostructures; therefore,
the recovered pellets were considered AgNP-
containing material rather than exclusively isolated
primary nanoparticles. The collected pellets were then
dried at 70 °C for 5 h (12).
Optimization of Synthesis Parameters

Optimization of Extract Volume (SPR-Based) Using
UV-Vis Spectroscopy

To assess the influence of plant extract volume on
nanoparticle synthesis, varying volumes (1-4 mL) of
U. dioica aqueous extract were combined with 4 mL
of 1 mM AgNO:s solution. The reaction mixtures were
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diluted to a final volume of 50 mL with distilled water.
UV-Vis absorption spectra were recorded in the range
of 200-400 nm, and the extract volume yielding the
most  pronounced SPR  band  (highest/most
characteristic absorbance and/or peak shape) was
selected as the optimal condition (13-15).

Effect of Silver Nitrate Concentration

Different concentrations of AgNOs (0.5, 1, 2, and 4
mM) were prepared to evaluate their effect on
nanoparticle formation. The optical density of the
reaction mixtures was measured using UV-Vis
spectroscopy (UV-1800, Shimadzu, Japan) (13) within
the 200400 nm wavelength range. The concentration
yielding the most favorable spectral characteristics
was selected as optimal (15, 16).

Effect of pH and Reaction Time

To investigate the effect of pH, reaction mixtures
containing 2 mL of plant extract and 4 mL of 1 mM
AgNOs were adjusted to pH values ranging from 5 to
10 using 0.1 M NaOH or 0.1 M HCI. Each mixture was
diluted to a final volume of 50 mL. UV-Vis spectra
were recorded between 200 and 800 nm to identify the
pH conditions most favorable for nanoparticle
synthesis. Under optimized conditions, the influence
of reaction time was monitored by recording UV-Vis
spectra at 10-minute intervals for up to 60 min
following reaction initiation (16-19).
Characterization of Synthesized Silver Nanoparticles

Fourier-Transform Infrared (FTIR) Analysis

FTIR spectroscopy was employed to identify
functional groups involved in the reduction and
stabilization ~ of  silver  nanoparticles.  Dried
nanoparticle samples and powdered plant extract were
separately mixed with potassium bromide (KBr) and
analyzed using a Thermo Nicolet AVATAR 370 FTIR
spectrometer (20).

X-ray Diffraction (XRD) Analysis

X-ray diffraction was employed to confirm the
successful synthesis of silver nanoparticles, determine
the type of crystal lattice, and estimate the particle
size. The synthesized silver nanoparticles were
analyzed using an XRD instrument operating at 40 kV
and 40 mA with a copper (Cu) anode (21).

Scanning Electron Microscopy (SEM) Analysis

For SEM analysis, the nanoparticle suspension was
centrifuged to obtain a concentrated pellet. A small
volume of the suspension was deposited onto the
sample holder and allowed to air-dry prior to imaging.
SEM observations were performed using a KYKY
EM3200 scanning electron microscope (22)

Biofilm Formation and Antimicrobial Evaluation
Against Streptococcus mutans

Evaluation of Biofilm Formation by Streptococcus
mutans
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The ability of Streptococcus mutans PTCC 1683
(Provided by Islamic Azad University, Pharmaceutical
Sciences Branch) to form biofilms and the antibiofilm
activity of the Urtica dioica extract, silver
nanoparticles, and chlorhexidine mouthwash 0.2 %
(commercially available as Hexodine, Donyaye
Behdasht Co., Tehran, Iran) were evaluated using a
modified microtiter plate assay. Assays were
performed at the Microbiology Laboratory of the
School of Pharmaceutical Sciences. Bacterial
activation involved streaking S. mutans PTCC 1683
onto Brain Heart Infusion Agar (BHIA; Merck) plates
and incubating at 37°C for 24 hours. Fresh 24-hour
cultures were used to prepare bacterial suspensions for
the assays.

For biofilm quantification, 96-well polystyrene
microtiter plates were utilized. After inoculation and
incubation at 37°C for 24 hours to allow biofilm
formation, non-adherent bacteria were removed by
gently washing the wells with sterile distilled water.
The adherent biofilms were stained using a fixed
concentration of crystal violet solution (0.1% w/v) for
15 minutes. Following staining, excess stain was
removed, and the wells were air-dried. The bound
crystal violet was then solubilized using 95% ethanol.
The quantity of biofilm was determined by measuring
the optical density (OD) of the solubilized crystal
violet at 570 nm using a microplate reader. Negative
control wells containing sterile medium without
bacteria or treatment were processed identically to
establish a baseline. The percentage of biofilm
inhibition was calculated using the following formula

(15):

oD
Biofilm inhibition % = (1 — ——0ty 5 100

. ODControl
where ODxreatment 1S the absorbance of treated wells and

ODcontrol is the absorbance of untreated biofilm control
wells.

Agar Well Diffusion Assay

The antimicrobial activity of the test compounds was
further evaluated using the agar well diffusion method.
Briefly, bacterial suspensions (0.5 McFarland) were
spread on Mueller-Hinton agar plates. Wells (6 mm in
diameter) were created in the agar and filled with 100
ML of the respective compounds at different
concentrations. After 24 h of incubation at 37 °C, the
diameter of the inhibition zones was measured (mm).
All experiments were performed in triplicate (23).

Determination of MIC and MBC by Broth
Macrodilution Method

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of Urtica
dioica aqueous extract, synthesized  silver
nanoparticles, and chlorhexidine against
Streptococcus mutans were determined using the broth
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macrodilution method according to CLSI guidelines
with minor modifications. Serial two-fold dilutions of
each test compound were prepared in sterile Mueller—
Hinton broth supplemented with appropriate growth
conditions for S. mutans. Bacterial suspensions were
adjusted to 0.5 McFarland standard (approximately
1.5 x 108 CFU/mL) and further diluted to obtain the
final inoculum concentration. Each tube contained
broth medium, the test compound at the desired
concentration, and bacterial inoculum. Positive control
tubes contained broth medium with bacterial inoculum
without antimicrobial agents, while negative control
tubes contained broth medium only. Following
incubation at 37 °C for 24 h, MIC values were
determined as the lowest concentration showing no
visible bacterial growth. For MBC determination,
aliquots from tubes without visible turbidity were
subcultured onto Mueller-Hinton agar plates and
incubated at 37 °C for an additional 24 h. The lowest
concentration showing no bacterial colony growth was
recorded as the MBC value. All experiments were
performed in triplicate (24,25).

Evaluation of the Effect of Silver Nanoparticles on
Biofilm Formation

The effects of silver nanoparticles, chlorhexidine, and
U. dioica aqueous extract on biofilm formation were
evaluated using a microtiter plate assay. To identify
the effects of silver nanoparticles, chlorhexidine, and
plant extract on biofilm formation, 190 pL of Brain
Heart Infusion (BHI) broth was added to the wells of
a 96-well polystyrene microplate (SPL, South Korea)
as follows:

Well 1: Medium without silver nanoparticles,
chlorhexidine, or extract (positive control).

Well 2: Medium containing 0.5x MIC of silver
nanoparticles, chlorhexidine, or extract.

Well 3: Medium containing 1x MIC of silver
nanoparticles, chlorhexidine, or extract.

Well 4: Medium containing 2x MIC of silver
nanoparticles, chlorhexidine, or extract.

Well 5: Medium without silver nanoparticles,
chlorhexidine, extract, or bacterial suspension
(negative contral).

These conditions were applied separately for each
treatment group, including plant extract, silver
nanoparticle solution, and chlorhexidine.
Subsequently, 10 pL of a freshly prepared bacterial
suspension adjusted to a 0.5 McFarland standard was
added to wells (i)—(iv), while sterile distilled water was
added to the negative control wells. The plates were
incubated at 37 °C for 24 h to allow biofilm
development. After incubation, the contents of the
wells were gently discarded, and each well was
washed three times with distilled water to remove
planktonic cells, leaving the adherent biofilm intact.
Biofilms were then stained by adding 200 pL of
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0.025% safranin solution to each well and incubating
for 2 min. Excess stain was removed, and the wells
were rinsed three times with distilled water. To
solubilize the bound dye, 200 pL of a 1:1 ethanol-
acetone solution was added to each well and incubated
for 15 min. The optical density (OD) of the released
stain was measured at 492 nm using a 96-well ELISA
reader (Convergent, Germany). The negative control
well was processed under identical conditions to the
test wells, including the washing and staining steps.
The mean OD value of the negative control
(0.019+0.00) was subtracted from all experimental
OD values to correct for non-specific background
absorbance. All reported results represent these
corrected values (26).

Statistical Analysis

All quantitative data were subjected to statistical
analysis using one-way analysis of variance
(ANOVA) within a completely randomized design
framework. Data analysis was performed using SPSS
software (version 20). All experiments were
conducted in triplicate under randomized conditions.
Differences among mean values were evaluated using
Duncan’s multiple range test, and statistical
significance was defined at P < 0.05.

3. Results
Optimization of Parameters Affecting Silver
Nanoparticle Synthesis

a) Effect of Extract Concentration

UV-visible spectrophotometric analysis revealed
that silver nanoparticles synthesized in the presence of
2 mL of U. dioica aqueous extract exhibited the
highest absorbance intensity, indicating more efficient
nanoparticle formation compared with other tested
volumes (Figure 1). As shown in Figure 1, the
characteristic surface plasmon resonance peak was
most pronounced at this extract concentration,
confirming its selection as the optimal condition for
subsequent experiments.

5
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Figure 1. UV-Vis spectra of silver nanoparticles
synthesized using different volumes of Urtica dioica
aqueous extract (T1: 1 mL, T2: 2mL, T3: 3 mL, T4: 4 mL).
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b) Effect of Silver Nitrate Concentration on
Nanoparticle Synthesis

The effect of varying silver nitrate (AgNOs)
concentrations on the synthesis of silver nanoparticles
(AgNPs) was investigated across the 200-400 nm
wavelength range using UV-Vis spectroscopy (Figure
2). Across all tested concentrations (T1: 0.5 mM, T2:
1 mM, T3: 2 mM, T4: 4 mM), the spectra exhibited a
general decrease in absorbance as the wavelength
increased. However, subtle concentration-dependent
differences were observed. Specifically, the spectrum
corresponding to 4 mM AgNOs (T4) showed a
marginally higher overall absorbance and a slightly
less abrupt decrease in absorption around the 300-320
nm region compared to lower concentrations. While
no distinct Surface Plasmon Resonance (SPR) peak
was clearly defined in this range, these spectral
characteristics suggest that the 4 mM concentration
facilitated a more efficient formation or stabilization
of silver nanoparticles under the employed reaction
conditions. Therefore, 4 mM silver nitrate was
considered the optimal concentration for subsequent
synthesis experiments. Representative SEM images of
the nanoparticles synthesized at this concentration, in
the presence of U. dioica aqueous extract, are shown
in Figure 3.

N W s~ o

o -

Absorption (Angstrom)

200 250 300 350 400
Wavelength

——T1 T2 ——T3 —8—T4

Figure 2. UV-Vis spectra of silver nanoparticles
synthesized with different concentrations of silver nitrate
(wavelength, nm) in the presence of 2 mL of Urtica dioica
aqueous extract (T1: 0.5 mM, T2: 1 mM, T3: 2 mM, T4: 4
mM).
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Figure 3. Transmission electron microscopy images of
silver nanoparticles synthesized with Urtica dioica aqueous
extract at the optimal concentration.

c) Effect of pH

Analysis of UV-Vis spectra indicated that increasing
the pH of the reaction medium enhanced the surface
plasmon resonance (SPR) absorbance of the
synthesized silver nanoparticles (Figure 4). This
increasing trend continued up to pH 7, beyond which
no further enhancement in absorbance was observed.
In contrast, reactions conducted at lower pH values
exhibited a marked reduction in absorbance intensity.
Statistical analysis revealed a significant difference in
absorbance at 300 nm (P<0.05), supporting the
selection of neutral pH as the optimal condition for
nanoparticle synthesis. Evaluation of reaction time
showed no statistically significant effect on the
absorbance of silver nanoparticles synthesized using
U. dioica aqueous extract (P>0.05), indicating that
nanoparticle formation was not strongly time-
dependent under the tested conditions.

5
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Figure 4. UV-Vis spectra of silver nanoparticle solutions
synthesized at 25 °C under different pH conditions
(wavelength, nm).

d) X-ray Diffraction (XRD) Analysis
The XRD pattern of the synthesized silver
nanoparticles indicated broad peaks, reflecting the
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small size of the nanoparticles. As the particle size
decreases, the diffraction peaks broaden (Figure 5).
The observed diffraction peaks at 26=38.07°, 44.26°,
64.43°, and 77.35° correspond to the (111), (200),
(220), and (311) planes of face-centered cubic (FCC)
silver nanoparticles, respectively.

Counts

W -
' |
iwvm7WmMmh

. ‘J\‘W‘f'

26 (degree)
Figure 5. X-ray diffraction spectrum of synthesized
nanoparticles
e) Fourier-Transform Infrared (FTIR) Analysis
The FTIR spectrum of silver nanoparticles synthesized
with Urtica dioica extract at the optimal concentration
is shown in Figure 6. The spectrum displayed peaks
corresponding to vibrational modes at 4688, 3742,
3437, 2925, 2055, 1629, 1378, 1088, and 1040 cm™',
indicating the presence of functional groups involved
in the reduction and stabilization of silver
nanoparticles.

B A v M B A s Ml A N £ AN LA S AN B MR A N

Figure 6. FTIR spectrum of silver nanoparticles synthesized
using Urtica dioica aqueous extract at the optimal
concentration.

Microbiological Results

a) MIC and MBC Evaluation

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) values of
the tested agents are summarized in Table 1.
Chlorhexidine exhibited both MIC and MBC values of
8 ug/mL. In comparison, silver nanoparticles
synthesized using U. dioica aqueous extract showed a
MIC of 4 pg/mL and an MBC of 5 pg/mL. The plant
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extract alone demonstrated lower antibacterial
activity, with MIC and MBC values of 3 pg/mL.

Table 1. MIC and MBC values of different treatments
against Streptococcus mutans.

Treatment MIC MBC
(Hg/mL)  (pg/mL)

Urtica dioica aqueous extract 3 3

Chlorhexidine 8 8

Silver nanoparticles synthesized

from Urtica dioica aqueous extract 5

b) Antibacterial activity by agar well diffusion assay

The antibacterial activities of Urtica dioica aqueous
extract, silver nanoparticles synthesized with the
extract, and chlorhexidine are presented in Table 2.
Streptococcus mutans showed sensitivity to all three
treatments at concentrations of 0.5, 1, and 2 pg/mL.
The smallest inhibition zones were observed for the
plant extract, whereas the largest inhibition zones were
recorded for silver nanoparticles and chlorhexidine.
Statistical analysis confirmed that these differences
were significant (P < 0.05).

Table 2. Mean diameter (mm) of inhibition zones of
Streptococcus mutans treated with Urtica dioica aqueous
extract, silver nanoparticles, and chlorhexidine at different
concentrations (pg/mL).

Treatment 0.5 1 2
Urtica dioica aqueous 3.00 9.66 9.66 +
extract * + 0.57°
1.002  0.57°
Silver nanoparticles 533  12.00 12.66
synthesized from Urtica =+ + +2.08°
dioica aqueous extract 1522 2.00°
Chlorhexidine 4.00 1400 1433
* + +0.57°
2.00*  1.00°

Means in each column labeled with different letters indicate
statistically significant differences (P<0.05).

¢) Biofilm Formation by Streptococcus mutans

The antibiofilm activity of the Urtica dioica extract,
synthesized silver nanoparticles, and chlorhexidine
against Streptococcus mutans was assessed using a
microtiter plate assay. As shown in Table 3, all tested
agents demonstrated a significant ability to inhibit
biofilm formation compared to the positive control.
The positive control wells, containing bacteria without
any inhibitory agents, showed the highest optical
density (OD) at 492 nm (0.35 + 0.00), indicating
robust biofilm formation under the experimental
conditions. In contrast, the negative control wells,
which contained only sterile medium without bacteria,
exhibited a minimal OD (0.019 £ 0.00), confirming the
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specificity of the assay and the absence of significant
background staining.

The Urtica dioica extract demonstrated the strongest
antibiofilm activity, resulting in the lowest OD value
among the treatment groups (0.115 + 0.00). Silver
nanoparticles synthesized using the Urtica dioica
extract and chlorhexidine showed comparable
efficacy, both yielding OD values of approximately
0.220-0.222 (0.220 + 0.005 and 0.222 + 0.00,
respectively).

Statistical analysis revealed significant differences
between the groups (p < 0.05). The OD values were
grouped into distinct statistical categories denoted by
superscript letters: ‘a’ for the negative control, ‘b’ for
the positive control, ‘¢’ for the Urtica dioica extract,
and °‘d’ for both silver nanoparticles and
chlorhexidine. This grouping indicates that the Urtica
dioica extract was significantly more effective in
inhibiting biofilm formation than both silver
nanoparticles and chlorhexidine, while silver
nanoparticles and chlorhexidine exhibited similar
levels of antibiofilm activity, both significantly
outperforming the positive control.

Table 3. Optical density (OD) of Streptococcus mutans
biofilm formation in the presence of extract, chlorhexidine,
and extract-mediated silver nanoparticles

Mean £+ SD
Treatments (MIC 0.5)
Extract 0.115 £ 0.00¢
Chlorhexidine 0.222 + 0.00¢
Silver nanoparticles synthesized
using Urtica dioica aqueous
extract 0.220 + 0.0054
Positive control 0.35+0.00°
0.019 £ 0.00?

Negative control

Means followed by different letters in each column are significantly
different (P<0.05).

4. Discussion

The global increase in bacterial infections, coupled
with rising antibiotic resistance, has driven interest in
nanotechnology-based antimicrobial strategies (27).
Among these, silver nanoparticles (AgNPs) exhibit
strong antibacterial activity, largely due to their high
surface-to-volume ratio. AgNPs have been shown to
be effective against both Gram-positive and Gram-
negative bacteria, as well as molds and fungi, making
them a promising alternative to conventional
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antimicrobial agents .

Silver can be converted into nanoparticles via various
physical, chemical, and biological approaches,
including chemical reduction, sonochemistry,
irradiation, and green (bio-based) synthesis (28.29). In
green synthesis, plant-derived compounds act as
reducing agents, enabling the conversion of metal ions
into nanoparticles without the need for surfactants,
extreme conditions, or additional stabilizers. Bioactive
and water-soluble metabolites in plant extracts
facilitate this process at ambient temperature (14).

In this study, AgNPs were synthesized using Urtica
dioica aqueous extract, and their antibacterial
properties were evaluated. UV—Vis analysis suggested
that increasing the extract concentration promoted
nanoparticle formation, as reflected by higher
absorbance values. This observation is consistent with
previous reports showing that plant extract volume can
influence the rate and extent of nanoparticle synthesis
as).

The extract, rich in antioxidant compounds (24), likely
acted as both a reducing and stabilizing agent. The
highest absorbance was observed at 2 mL of extract,
suggesting that increasing the extract volume from 1
to 2 mL improved the reduction of Ag" ions and
favored nanoparticle formation. At 4 mL, however,
absorbance did not increase further, which may
indicate that an excess of extract altered the capping
environment and affected nanoparticle stabilization.
Thus, 2 mL appeared to provide the most suitable
balance between reduction and stabilization under the
present conditions (31,32).

Likewise, increasing the silver nitrate concentration
influenced the UV—Vis spectral profile of the
synthesized nanoparticles. Among the tested
concentrations, 4 mM showed the most favorable
overall absorbance behavior within the 200400 nm
range, suggesting enhanced availability of Ag" ions for
reduction and nanoparticle formation. Since no
distinct SPR peak was observed in this range, the
interpretation is based on the general spectral trend
rather than a specific resonance maximum. Similar
precursor-dependent effects have been reported in
previous studies (15).

pH is one of the most critical factors influencing
nanoparticle synthesis (16) Previous studies have
reported that pH affects both the formation and
stability of nanoparticles. In the present study,
increasing the reaction pH enhanced the surface
plasmon resonance absorbance of silver nanoparticles.
This may be attributed to changes in the ionization
state of biomolecules in the extract, which can affect
reduction efficiency and capping/stabilization
behavior (17-19,33).

XRD analysis confirmed the formation of crystalline
silver nanostructures, with peaks at 26 = 38.07° (111),
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44.26° (200), 64.43° (220), and 77.35° (311),
corresponding to the FCC structure of silver,
consistent with standard XRD patterns and previous
reports (14, 29, 34-36).

Proteins appear to play a key role in nanoparticle
formation and stabilization. Free amino groups and
other biomolecular functional groups may bind to the
nanoparticle surface, enhancing stability. FTIR
analysis further supported the presence of
biomolecules acting as capping agents that contribute
to nanoparticle stabilization. In this study, FTIR
spectra recorded over the 5004500 cm™ range
revealed characteristic peaks at 3742, 3437, 2925,
2055, 1629, 1378, 1088, 1040, and 4688 cm™,
corresponding to functional groups involved in silver
ion reduction.

FTIR analysis revealed broad absorption bands in the
3437-4688 cm™ range, corresponding to O-H
stretching vibrations of alcohols, phenols, and
carboxylic acids, as well as N-H stretching in amides
and amines. A band near 2055 cm™ indicated
secondary amine (N—H) stretching and C—H vibrations
in alkynes and aldehydes. Peaks between 1629 and
2925 ecm™ were assigned to C=0, C=C, and C=N
stretching modes from aldehydes, alkenes, esters,
acetic acids, proteins, amino acids, and aromatic rings
present in the plant extract. Absorption bands in the
1040-1378 cm™ range reflected alcohols, ethers,
carboxyl, phosphate groups, and aliphatic proteins or
amines. Biomolecules such as carbonyl compounds,
flavonoids, tannins, and other phenolics likely
contributed to the reduction of silver ions and the
stabilization of nanoparticles. The UV-Vis spectra
confirmed enhanced localized surface plasmon
resonance (LSPR), which is characteristic of metallic
nanoparticles. According to Mie theory, spherical
silver nanoparticles exhibit a single plasmon band,
while anisotropic particles may show multiple bands
(37, 38).

The microbiological results of the present study
showed that the antibacterial and antibiofilm activities
of the tested agents varied depending on the assay
used. In the MIC and MBC evaluations, the silver
nanoparticles synthesized using Urtica dioica extract
exhibited stronger antibacterial activity than the
aqueous plant extract, while chlorhexidine remained
an effective comparative antimicrobial agent.
Similarly, in the well diffusion assay, the nanoparticles
produced larger inhibition zones than the plant extract,
suggesting superior diffusion-related antibacterial
performance under the tested conditions (26,38,39).
These findings are in agreement with previous studies
reporting that silver nanoparticles exert antibacterial
effects through multiple mechanisms, including
disruption of membrane integrity, interaction with
sulthydryl- and phosphate-containing cellular
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components, and induction of reactive oxygen species
(19,39,40).

In contrast, the biofilm assay demonstrated a different
pattern, as the aqueous U. dioica aqueous extract
produced the lowest OD value and therefore the
strongest inhibition of biofilm formation against
Streptococcus  mutans. The synthesized silver
nanoparticles also inhibited biofilm formation, but
their effect was less pronounced than that of the
extract. This difference may be explained by the
distinct requirements of planktonic growth inhibition
and biofilm suppression. Biofilm formation is a
complex process involving bacterial adhesion,
extracellular polymeric substance production, quorum
sensing, and maturation of the biofilm matrix (41-44).
Plant extracts rich in phenolic compounds and
flavonoids have been reported to interfere with these
processes by inhibiting adhesion, reducing
extracellular matrix production, and modulating
quorum sensing pathways (41-44). Therefore, the
stronger antibiofilm effect of the U. dioica aqueous
extract in the present study may be related to its
phytochemical composition and its ability to interfere
with early biofilm development steps.

It should be emphasized that no formal synergistic test
was performed between the U. dioica aqueous extract
and the synthesized silver nanoparticles in the current
study. Accordingly, no conclusion regarding synergy
can be made. Instead, the results indicate that the
relative efficacy of the tested agents depends on the
specific endpoint being evaluated. While silver
nanoparticles were more effective in the MIC/MBC
and well diffusion assays, the aqueous plant extract
showed superior antibiofilm activity in the crystal
violet assay. Such assay-dependent differences have
been reported in previous studies and should be
interpreted accordingly (39-44).

5. Conclusion

The present findings indicate that the aqueous Urtica
dioica extract and its green-synthesized silver
nanoparticles exhibit distinct antibacterial and
antibiofilm activities against Streptococcus mutans.
While both AgNPs and chlorhexidine demonstrated
strong antibacterial efficacy, the aqueous Urtica
dioica extract exhibited the most potent antibiofilm
effect. These results highlight the potential of both the
extract and its biosynthesized AgNPs as promising
natural agents for controlling S. mutans and preventing
dental caries, warranting further investigation for
development in oral-care formulations.
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