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Abstract

Background: Streptococcus mutans is one of the main causes of dental caries. Although several nanoparticles have been
investigated as antimicrobial agents, the antibiofilm potential and mechanistic action of biosynthesized selenium nanoparticles
(SeNPs) remain insufficiently characterized. This study aimed to test the hypothesis that biosynthesized SeNPs inhibit S. mutans
growth and biofilm formation through downregulation of the biofilm-associated gtfB gene.

Methods: SeNPs were biosynthesized using Artemisia scoparia extract and characterized for nanoscale morphology. Their
antibacterial activity against S. mutans was assessed using standard in vitro susceptibility assays, while antibiofilm effects were
evaluated using biofilm detection methods. The impact of SeNPs exposure on gtfB gene expression was analyzed by RT-PCR and
compared with untreated controls.

Results: The biosynthesized SeNPs demonstrated significant antibacterial activity against S. mutans and induced a reduction in
biofilm-associated phenotypic characteristics. Gene expression analysis revealed significant downregulation of gtfB expression in
treated samples compared with untreated controls.

Conclusion: Within the limitations of an in vitro model, biosynthesized SeNPs demonstrated antibacterial and antibiofilm activity
against S. mutans, likely mediated through inhibition of gitfB expression. These findings suggest that SeNPs may serve as a
promising adjunctive strategy for controlling cariogenic biofilms. However, further in vivo studies and comparative evaluations
with existing antimicrobial agents are required to establish clinical relevance.
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Introduction Dental caries is the irreversible tooth demineraliza-

Dental caries is a biofilm-mediated, multifactorial  tion as a consequence of carbohydrates fermentation
disease and remains one of the most prevalent in the presence of acids produced by acidogenic
chronic conditions worldwide. Globally, it is bacteria in the oral cavity. These bacteria get
estimated that 2.3 billion people suffer from caries of ~ attached to the tooth surface, as structures called
permanent teeth; this rate is more than 530 million ~ dental  biofilm (plaque). Oral biofilm is a
for children (1). Beyond oral destruction, untreated three-dimensional structure, made up of bacteria,
dental caries has been associated with systemic epithelial cells, and leucocytes, in a matrix of
complications, including cardiovascular disease, Ccarbohydrates and minerals (6). A study used

upper respiratory tract infections, and alveolar bone fluorescence in situ hybridization (FISH) and showed
loss (2-5). that coaggregation and adhesion between
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Streptococcus spp. and Actinomyces spp. is the reason
for initial biofilm formation (7). Streptococcus spp.
are present in most individual's oral cavity and
colonize at many oral sites (8). Streptococcus mutans
plays an important role in the initiation and
progression of dental caries. These bacteria directly
ferment sucrose and other sugars and cause
demineralization and tooth decay by producing lactic
acid (7). Acid production and acid tolerance by
making exopolysaccharides (EPS) are the most
important virulence factors of the S.mutans. More
than 90% of the biofilm matrix is composed of EPS.
This matrix contributes to antimicrobial resistance
by limiting the diffusion of agents, thereby
preventing them from reaching the bacterial cells
(9).

Therefore, there is an increasing interest in
developing nanoscale systems to combat biofilm
formation. Nanoparticles have high penetration
power and strong antimicrobial activity. They exhibit
efficient antibacterial activity due to their high
surface-to-volume ratio (10).

Among metal-based nanoparticles, selenium
nanoparticles (SeNPs) have attracted increasing
attention due to their lower toxicity, higher
biocompatibility, and greater physicochemical
stability compared to other selenium forms. SeNPs
have demonstrated a broad spectrum of biological
activities, including antioxidant, anticancer, and
antimicrobial effects (11, 12).

SeNPs can be synthesized through chemical,
physical, or biological routes; however, green
synthesis using plant extracts is particularly
advantageous because it 1is cost-effective, is
environmentally friendly, and does not require harsh
conditions (13, 14). Plant-derived phytochemicals
act as reducing and stabilizing agents, enabling the
formation of biocompatible nanoparticles with
enhanced biological activity (15).

The genus Artemisia is rich in bioactive secondary
metabolites, including flavonoids and terpenoids,
which are known for their metal-reducing
capabilities (16, 17). These compounds facilitate
nanoparticle  biosynthesis = while  potentially
imparting additional antimicrobial properties.
Despite evidence supporting the utility of Artemisia
species in green nanoparticle synthesis, their
application in the biosynthesis of SeNPs targeting
cariogenic biofilms remains insufficiently explored.
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Given the global burden of dental caries, the
increasing resistance of biofilms to conventional
antimicrobials, and the lack of effective vaccines
despite decades of research (18), novel antibiofilm
agents are urgently needed. To date, limited
studies have investigated the effects of SeNPs
biosynthesized using Artemisia extracts onsS.
mutans biofilm formation.

Therefore, the aim of this study was to biosynthesize
SeNPs using Artemisia extract and to evaluate their
antibacterial and antibiofilm activities against S.
mutans, with particular emphasis on their potential
to overcome biofilm-associated resistance
mechanisms.

Methods and Materials

Preparation of the Plant Extract

Artemisia scoparia was obtained from the Herbarium
of the Iranian Biological Resources Center, Tehran,
Iran (Voucher specimen No. IBRCP1328). Fresh
aerial parts of the plant were washed thoroughly
with distilled water several times and subsequently
air-dried in the shade for one to two weeks.

The Artemisia extract was prepared using the
Soxhlet extraction method. Specifically, 50 g of dried
leaf powder was subjected to extraction with 500 mL
of ethanol (96%) in a Soxhlet apparatus for 12 hours.
The resulting solvent was then evaporated using a
rotary evaporator (Rv10 digital, Germany). Finally,
the extract was filtered through Whatman No. 1 filter
paper (Whatman plc, Kent, UK) and stored at 4°C
until further use.

Synthesis of SeNPs

For the biosynthesis of SeNPs, 20 mL of plant extract
(5 mg/mL) was added to 20 mL of 40 mM sodium
selenite solution (Merck, Germany). The mixture was
stirred continuously for 5 minutes at room
temperature under ambient pH conditions, without
external adjustment. The reaction mixture was then
left undisturbed until the development of an orange
color, indicating the reduction of selenite ions to
SeNPs.

The synthesized nanoparticles were subsequently
collected by centrifugation at 13,000 rpm for 20
minutes, washed with distilled water, and dried at
75°C for 2 hours. Characterization by scanning
electron microscopy (SEM) and transmission
electron microscopy (TEM) confirmed that the
drying process did not induce observable changes in
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nanoparticle morphology or size distribution.
All biosynthesis experiments were performed in
triplicate to ensure reproducibility. Quantitative
reaction yield was not calculated, as the primary
objective of this study was green synthesis and
biological evaluation, rather than optimization of
production efficiency.

Characterization of SeNPs

Transmission Electron Microscopy

The surface morphology and size distribution of the
biosynthesized nanoparticles were characterized
using transmission electron microscopy (TEM).
Imaging was performed with a Zeiss 100 kV
microscope (Germany) operating at an accelerating
voltage of 120 kV. Micrographs were captured at
magnifications ranging from 20,000x to 200,000x,
providing a point resolution of approximately 0.34
nm. To prepare specimens for analysis, a drop of the
aqueous SeNP suspension was deposited onto a
carbon-coated copper grid and allowed to air-dry at
ambient temperature. Subsequent particle size
analysis was conducted using Image] software
(National Institutes of Health, USA).

Scanning Electron Microscopy

For scanning electron microscopy (SEM) analysis, an
aqueous suspension of the biosynthesized SeNPs
was prepared. The nanoparticles were subsequently
mounted onto aluminum stubs with adhesive tape
and sputter-coated with a thin layer of gold using an
SBC12 sputter coater (KYKY). Imaging was
performed with an XL30 scanning electron
microscope (Philips, Netherlands) operating at 30
kV. Micrographs were captured at magnifications
ranging from 1,000x to 100,000x, providing a spatial
resolution of approximately 3.5 nm.

Antibacterial Study of SeNPs

The minimum inhibitory concentration (MIC) of
SeNPs against Streptococcus mutans was determined
using the broth microdilution method according to
Clinical and Laboratory Standards Institute (CLSI)
guidelines (2017). A serial two-fold dilution of SeNPs
was prepared, yielding concentrations ranging from
3.125 to 100 pg/mL. Bacterial suspensions were
adjusted to a 0.5 McFarland standard, corresponding
to approximately 10 CFU/mL. For the assay, 5 uL of
the bacterial suspension, 95 pL of Mueller-Hinton
(MH) broth, and 100 pL of each SeNP dilution were
loaded into the wells of sterile 96-well microtiter
plates. Growth control wells (negative control for
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treatment) contained MH broth and bacterial
suspension only, while chlorhexidine served as a
positive control. The plates were sealed, shaken at
100 rpm for 60 seconds, and subsequently incubated
at 37°C for 24 hours. All experiments were
performed in triplicate across three independent
runs. Following incubation, the MIC was defined as
the lowest concentration of SeNPs that completely
inhibited visible bacterial growth. Turbidity in
control and experimental wells was recorded both
before and after incubation to confirm MIC values.
Antibiofilm Study of SeNPs

The Congo Red Agar (CRA) test developed by
Freeman et al. (19) was used as a qualitative
phenotypic  screening  method to  assess
biofilm-associated characteristics rather than as a
quantitative assay for biofilm biomass
determination. For this method, a concentrated
aqueous solution of Congo Red Stain (Merck,
Germany) was prepared and autoclaved (121°C
for 15 minutes). A mixture of brain heart infusion
broth (Merck, Germany) 37 g/L, agar No. 1 (Merck,
Germany) 10 g/L, and sucrose 50 g/L (Merck,
Germany) was prepared and Congo Red (BDH Ltd)
0.8 g/L was added to the mixture. Then, the media
were refrigerated. 100 pL of bacterial suspension in
MH broth (0.5 McFarland) was mixed with 100 pL of
different Sub-MIC concentrations of SeNPs (%2 MIC,
% MIC, and concentrations ¥ MIC = 1.5625 pug/mL)
followed by incubation at 37 °C for 24 h. Afterward,
the bacteria were inoculated into CRA medium and
incubated at 37°C for another 24 h. Changes
observed on CRA were interpreted qualitatively as
alterations in  biofilm-associated  phenotypic
characteristics. Quantitative biofilm inhibition was
not assessed using this method. In this medium,
biofilm-producing bacteria form black colonies with
a dry crystalline appearance, whereas non-slime
producers typically form pink colonies. S. mutans
naturally produces biofilm and forms black colonies;
therefore, the appearance of pink colonies following
SeNP treatment was interpreted as an antibiofilm
effect. This study acknowledges the limitations
inherent to the qualitative CRA method, including its
reliance on subjective visual assessment and its
susceptibility to yielding false-positive or
false-negative results. Therefore, the findings
pertaining to biofilm-associated phenotypic changes
were interpreted with appropriate caution.
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Gene Expression (qRT-PCR)

Quantitative real-time PCR (qRT-PCR)
conducted to analyze the effect of SeNPs treatment
on the expression of the virulence gene gtfB of S.
mutans. A 100 uL aliquot of bacterial suspension in
MH broth (0.5 McFarland) was added to 100 pL of
different sub-MIC concentrations of SeNPs (%2 MIC,
% MIC, and % MIC = 1.5625 pg/mL) and incubated
at 37°C for 24 h. After incubation, RNA was isolated
using RNX-PLUS (CinnaGen, Iran). Purified RNA was
dissolved in diethyl pyrocarbonate-treated water
and stored at —80°C until cDNA synthesis.
Complementary DNA (cDNA) was synthesized using
the RevertAid™ First Strand cDNA Synthesis Kit
(Fermentas, USA). DNase treatment was performed
prior to reverse transcription to eliminate genomic
DNA contamination. The reverse transcription
reaction was carried out at 42°C for 60 min, followed
by enzyme inactivation at 70°C for 10 min. The
resulting cDNA samples were stored at —20°C until
further analysis.

Real-time PCR was performed using the SYBR Green
real-time RT-PCR method on an Exicycler™ 96
(Bioneer, Korea). The PCR conditions involved an
initial denaturation at 95°C for 10 min, followed by
40 cycles of amplification, with each cycle consisting
of denaturation at 95°C for 20 s and annealing and
extension at 61°C for 40 s. The primer sequences are
listed in Table 1. The 16S ribosomal RNA (rRNA)
gene of S. mutans was used as the internal reference
for normalization of gtfB expression due to its
widespread application and reported stability
in Streptococcus mutans under in vitro experimental
conditions.

was

Size

Primer Sequence (5-3)
(bp)
gtfB-F F AGCAATGCAGCCATCTACAAAT 153
gtfB-R R ACGAACTTTGCCGTTATTGTCA 153
16SrRNA-F GAGCGGCGGACGGGTGAGTA 110
16SrRNA-R GGGCACATCTGATGGCATGA 110

Table 1. Primers used for gene investigation of S. mutans
exposed to SeNPs

All reactions were performed in three biological
replicates, each with three technical replicates.

Relative gene expression levels were calculated
using the AACt method, with untreated bacterial
cultures serving as the calibrator. Data are presented
as fold-change in gtfB expression relative to the
control.

Statistical Analysis

Statistical analyses were performed using one-way
analysis of variance (ANOVA) to evaluate differences
in gene expression among the experimental groups.
Following ANOVA, Tukey’s honestly significant
difference (HSD) post hoc test was applied for
multiple comparisons between treatment groups
and the control group.

All experiments were conducted in triplicate, and the
data are presented as the mean # standard deviation
(SD). Statistical analyses were carried out using SPSS
software (IBM Corp., Armonk, NY, USA). A p-value of
less than 0.05 was considered to indicate statistical
significance.

Results

Synthesis of SeNPs

A visible color change from colorless to orange,
indicating the conversion of Na,SeO; into SeNPs, was
observed during the synthesis process and served
as a preliminary qualitative indicator of nanoparticle
formation (Figure 1).

Figure 1 presents representative images of (A)
the Artemisia scoparia plant extract and (B) the
reaction mixture following SeNP synthesis. These
images are representative of typical observations
obtained from experiments performed in triplicate.

"}. S~ "‘) v
|

(A) (B)

Figure 1. A: Preparing plant extract, B: SeNPs synthesis
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Characterization of SeNPs

The particle size of the synthesized SeNPs was
analyzed using transmission electron microscopy
(TEM) (Figure Z2a). Quantitative analysis of 529
individual particles revealed a mean diameter of
16.69 nm * 18.40 nm (standard deviation) (Figure
2b).

(A)
0
Meann o9
Sty X sw:

40 4 N ™

0 »w b w o “© (23] N » w0
Particle Size (nm)
(B)
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Figure 2. Characterization of SeNPs. a: Transmission
electron microscopy image of SeNPs. b: Particle size
~16.69 nm. c: Scanning electron microscopy image of
SeNPs. d: EDX results

Scanning electron microscopy (SEM) was employed
to examine the surface morphology of the
biosynthesized SeNPs (Figure 2c). Evaluation of the
micrographs indicated that the nanoparticles were
predominantly spherical, confirming a relatively
uniform morphology.

Energy-dispersive X-ray spectroscopy (EDX) analysis
was performed to determine the elemental
composition of the nanoparticles. The resulting
spectrum confirmed selenium as the major
constituent, with an atomic percentage of 78.1%,
indicating successful synthesis and high elemental
purity of the SeNPs (Figure 2d).

Antibacterial evaluation of SeNPs

The antibacterial activity of the SeNPs against
Streptococcus mutans was evaluated using the
Mueller-Hinton broth microdilution method. SeNPs
were tested at concentrations of 3.125, 6.25, 12.5,
25, 50, and 100 pg/mL. The MIC of SeNPs against S.
mutans was determined to be 12.5 pg/mL. MIC
assays were performed in triplicate, and the
reported value represents the lowest concentration
that consistently inhibited visible bacterial growth
across all independent experiments. MIC
determination was based on endpoint visual
assessment of growth inhibition; optical density
measurements and growth curve analyses were not
performed.
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For comparison, the antibacterial efficacy of SeNPs
was benchmarked against chlorhexidine, which
served as a positive control under identical
experimental conditions. This comparative analysis
demonstrated that SeNPs exhibited notable
antibacterial activity, although the MIC value was
higher than that observed for the standard
antimicrobial agent.

The antibacterial activity of the SeNPs against
Streptococcus mutans was evaluated using the
Mueller-Hinton broth microdilution method. SeNPs
were tested at concentrations of 3.125, 6.25, 12.5,
25, 50, and 100 pg/mL. The minimum inhibitory
concentration (MIC) of SeNPs against S. mutans was
determined to be 12.5 pg/mL. MIC assays were
performed in triplicate, and the reported value
represents the lowest concentration that
consistently inhibited visible bacterial growth across
all independent experiments. MIC determination was
based on endpoint visual assessment of growth
inhibition; optical density measurements and growth
curve analyses were not performed.

For comparison, the antibacterial efficacy of SeNPs
was benchmarked against chlorhexidine, which
served as a positive control under identical
experimental conditions. This comparative analysis
demonstrated that SeNPs exhibited notable
antibacterial activity, although the MIC value was
higher than that observed for the standard
antimicrobial agent.

Antibiofilm Assessment of SeNPs

To evaluate the antibiofilm activity of SeNPs
against Streptococcus mutans, the CRA test was
employed. Changes observed on CRA were
interpreted qualitatively as indications of alterations
in biofilm-associated phenotypic characteristics.
Quantitative assessment of biofilm inhibition was
not performed using this method. Figure 3 presents
representative images of the qualitative CRA
phenotypic observations. As shown in Fig. 3, bacteria
treated with sub-MIC concentrations of SeNPs did
not produce black colonies on CRA medium,
suggesting a modification in biofilm-associated
phenotypic characteristics following SeNP treatment.
CRA results were evaluated qualitatively, and
therefore, statistical analysis was not applicable to
this assay. The inherent limitations of the
CRA method are acknowledged, including its
susceptibility to subjective interpretation and the
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potential for false-positive or false-negative results.
Accordingly, these findings were interpreted with
caution.

(A) (B)

Figure 3. Phenotypic study of anti-biofilm effects.
a: S.mutans in CRA medium before treatment with SeNPs.
b: S. mutans after treatment with SeNPs formed pink
colonies (lack of black clonies formation)

Expression of gtfB Gene by Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was
performed to assess the effect of SeNPs on the
expression of the virulence gene gtfBin
Streptococcus mutans. Relative gene expression
levels were calculated using the AACt method, with
the 16S rRNA gene serving as the internal reference
control. Treatment with SeNPs at %2 MIC and % MIC
concentrations  resulted in a  significant
downregulation of gtfB expression, as evidenced by
reduced fold-change values compared with the
untreated control (p < 0.001). In contrast, exposure
to % MIC SeNPs did not produce a statistically
significant change in gtfB expression relative to
the control group (p> 0.05), indicating a
concentration-dependent effect. All experiments
were performed in triplicate, and results are
presented as mean fold change * standard deviation
(SD), allowing for assessment of variability across
replicates. The fold-change values for both the target
(gtfB) and reference (16S rRNA) genes are
summarized in Table 2. Amplification plots and melt
curve analyses confirming the specificity of the
gRT-PCR reactions are presented in Fig. 5, while
relative expression levels are illustrated in Figure 4.
Quantitative real-time PCR (qRT-PCR) was
performed to assess the effect of SeNPs on the
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expression of the virulence gene gtfBin
Streptococcus mutans. Relative gene expression
levels were calculated using the AACt method, with
the 16S rRNA gene serving as the internal reference

control.

Concentration Fold change values
of SeNPs 16S rRNA gene gtfB gene
1, MIC 0.98+0.08 0.66+0.02
¥4 MIC 0.98+0.07 0.41+0.08
Vs MIC 0.98+0.05 0.92+0.07

Table 2. Relative fold change in (gtfB) and (16S rRNA)
gene expression of S. mutans treated with different
concentrations of selenium nanoparticles

Treatment with SeNPs at % MIC and % MIC
concentrations  resulted in a  significant
downregulation of gtfB expression, as evidenced by
reduced fold-change values compared with the
untreated control (p < 0.001). In contrast, exposure
to ¥% MIC SeNPs did not produce a statistically
significant change in gtfB expression relative to
the control group (p> 0.05), indicating a
concentration-dependent effect.

All experiments were performed in triplicate, and
results are presented as mean fold change *
standard deviation (SD), allowing for assessment of
variability across replicates. The fold-change values
for both the target (gtfB) and reference (16S rRNA)
genes are summarized in Table 2. Amplification plots
and melt curve analyses confirming the specificity of
the qRT-PCR reactions are presented in Fig. 5, while
relative expression levels are illustrated in Figure 4.
Quantitative real-time PCR (qRT-PCR) was
performed to assess the effect of SeNPs on the
expression of the virulence gene gtfBin
Streptococcus mutans. Relative gene expression
levels were calculated using the AACt method, with
the 16S rRNA gene serving as the internal reference
control. Treatment with SeNPs at %2 MIC and % MIC
concentrations  resulted in a  significant
downregulation of gtfB expression, as evidenced by
reduced fold-change values compared with the
untreated control (*p*< 0.001). In contrast,
exposure to Y MIC SeNPs did not produce a
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statistically significant change in gtfB expression
relative to the control group (p > 0.05), indicating a
concentration-dependent effect. All experiments
were performed in triplicate, and results are
presented as mean fold change + standard deviation
(SD), allowing for assessment of variability across
replicates. The fold-change values for both the tar-
get (gtfB) and reference (16S rRNA) genes are
summarized in Table 2. Amplification plots and melt
curve analyses confirming the specificity of the
gRT-PCR reactions are presented in Fig. 5, while
relative expression levels are illustrated in Figure 4.

e i
2 1 E= * = L | o
@ 0.8 * ‘
o = = 1
= 0.6 = |
Q 0.4 ‘
S 0.2 1
% 0
m
%—'o 1/2 MIC 1/4 MIC 1/8 MIC
Concentration of SeNPs
M 16S rRNA gtfB

Figure 4. Expression of gtfB gene in S.mutans in response
to treatment with sub-MIC concentration of SeNPs. The
data presented were generated from at least three
(data=mean#SD).
Statistical significance as compared with the untreated
control (p<0.05) denoted by an asterisk (*) (Colors must be
printed)

independent sets of experiments

Discussion

Dental biofilms are largely composed of
exopolysaccharides, which restrict the penetration of
conventional antimicrobial agents (7). Nanoscale
antimicrobial systems, owing to their small size and
high surface-area-to-volume ratio, can potentially
overcome this limitation by penetrating the biofilm
matrix and effectively with
bacterial cells. In this context, SeNPs may exert
antibacterial effects through multiple mechanisms,
including disruption of bacterial cell membranes,
interference with metabolic pathways, and
modulation of virulence gene expression. Although
the precise molecular interactions were not
examined in the present study, the observed
suppression of gtfB expression suggests that SeNPs

interacting more
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may impair biofilm development at the genetic level,
in addition to inhibiting planktonic bacterial growth.
In the current study, SeNPs were synthesized using a
green, facile, and eco-friendly approach with
Artemisia scoparia extract serving as a bio-reductant,
yielding spherical nanoparticles with a mean size of
16.69 nm. The presence of phenols, flavonoids,
terpenoids, and other reducing agents in Artemisia
species has been previously documented, supporting
their suitability for nanoparticle synthesis. Similar
successful applications of Artemisia extracts in
nanoparticle biosynthesis have been reported by
Salehi et al. (17) and Kaviani et al. (20). The
relatively small particle size obtained here may be
attributed to the phytochemical composition of the
extract, which can influence nucleation and
stabilization during nanoparticle formation.

Other studies have employed different plant extracts
for SeNP synthesis. Yazhiniprabha and Vaseeharan
(21) utilized an aqueous berry extract of Murraya
koenigii and obtained spherical nanoparticles with a
larger size range (50-150 nm), substantially larger
than the SeNPs synthesized in the present work.
Such differences in particle size, synthesis route, and
phytochemical capping agents are known to
significantly influence antimicrobial potency and
minimum inhibitory concentration (MIC) values. Size
is a critical determinant of the biological activity of
nanoparticles, as smaller particles possess a higher
surface-to-volume ratio, enhanced surface reactivity,
and improved interaction with bacterial cell
membranes, which can result in lower MIC values
and stronger antibacterial effects (11). Therefore,
the comparatively lower MIC observed here may be
attributed to the smaller particle size and
the Artemisia-mediated biosynthesis process, which
likely affects surface chemistry and bioactivity.

In this study, SeNPs were evaluated against
Streptococcus mutans, the primary etiological agent
of dental caries. Unlike previous investigations that
focused predominantly on growth inhibition, this
work provides both phenotypic and molecular-level
evidence of antibiofilm activity. Bacterial growth was
significantly inhibited, and the MIC of SeNPs
against S. mutans was determined to be 12.5 pg/mlL,
a value lower than those reported in earlier studies.
Importantly, this is one of the first studies to
demonstrate gtfB gene suppression using real-time
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PCR, thereby linking SeNP exposure to disruption of
exopolysaccharide synthesis at the molecular level.

The enhanced antibacterial efficacy observed in the
present study may be attributed to the Artemisia-
based biosynthesis approach, which influences
nanoparticle size, shape, and surface chemistry
through plant-derived capping agents. Comparative
studies support this interpretation. Yazhiniprabha
and Vaseeharan (21) reported an MIC of 40 pg/mL
for SeNPs synthesized with M. koenigii extract, while
Shubharani et al. (22) reported a markedly higher
MIC of 500 pg/mL for oval-shaped SeNPs. These

differences underscore the critical role of
nanoparticle size, morphology, and synthesis
method in determining antimicrobial potency.

Smaller nanoparticles provide a higher surface-to-
volume ratio and enhanced interaction with
bacterial cells, leading to greater antibacterial
activity (11). Accordingly, the lower MIC observed in
the current study highlights the added value

of Artemisia-mediated SeNP synthesis combined
with molecular validation of  antibiofilm
mechanisms.

Glucosyltransferase genes, particularly g¢fB, play a
pivotal role in the synthesis of insoluble glucans that
facilitate S. mutans adherence and biofilm
maturation. Inhibiting gtfB expression can disrupt
colonization and plaque formation (23). The present
study demonstrated a significant reduction
in gtfB expression at sub-inhibitory concentrations
(% MIC and % MIC) of SeNPs, indicating that these
nanoparticles can attenuate virulence without
necessarily causing complete bacterial eradication.
This molecular-level evidence represents a key
contribution of the study. While previous work, such
as that by Haris and Khan (24), has shown
antibiofilm effects of SeNPs—particularly in
combination with photodynamic therapy—the
current study provides direct evidence of virulence
gene suppression using real-time PCR in a
biosynthesized SeNP system.

Despite these promising findings, several limitations
should be acknowledged. This study was conducted
entirely in vitro, and therefore the results may not
fully reflect the complex conditions of the oral cavity.
The Congo red agar method employed for biofilm
assessment is qualitative and is not considered a
gold standard; more robust quantitative assays, such
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as crystal violet staining or microtiter plate biofilm
assays, were not performed and should be
incorporated in future investigations to validate and
quantify antibiofilm activity. Additionally,
cytotoxicity, biocompatibility, dose-response
relationships, long-term nanoparticle stability, and
potential systemic effects were not evaluated. These
factors are critical for assessing the safety and
translational potential of SeNPs for oral applications.

Within these limitations, the findings suggest
that Artemisia scoparia-mediated SeNPs exhibit
notable antibacterial and antibiofilm activity

against S. mutans, supported by both phenotypic and
molecular evidence. While these results indicate
potential for future application in caries prevention
strategies, further in vivo and clinical studies are
necessary to evaluate safety, efficacy, and feasibility
before incorporation into oral healthcare products
such as mouthwashes or toothpastes.

Conclusion

Artemisia scoparia extract was successfully
employed in the green synthesis of SeNPs,
demonstrating its suitability as a capping and
stabilizing agent. The biosynthesized SeNPs
exhibited appropriate physicochemical
characteristics along with notable antibacterial and
antibiofilm activity against S. mutans under in vitro
conditions. These findings suggest that SeNPs
synthesized using A. scoparia have potential as an
adjunct strategy for controlling dental cariogenic
bacteria. However, further studies, including
cytotoxicity assessment, formulation optimization,
and evaluation in relevant animal models, are
required before they can be considered for clinical
applications.
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