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ABSTRACT

Objective: This study aimed to synthesize and characterize sinapic acid-incorporated Fe,0, nanoparticles (NPs) and to evaluate their antimicrobial
mechanism of action against key oral pathogens.

Methods: Fe,0, NPs were synthesized using cinnamon extract and subsequently functionalized with sinapic acid. The nanoformulation was
characterized using ultraviolet (UV)-visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), and transmission electron microscopy
(TEM) to confirm particle formation, surface functionalization, and morphology. Antimicrobial activity was assessed through agar well diffusion, time-
kill curve, protein leakage, and cytoplasmic leakage assays against Streptococcus mutans, Lactobacillus spp., Candida albicans, Staphylococcus aureus,
and Enterococcus faecalis.

Results: UV-visible spectra showed a characteristic absorption peak near 350 nm, confirming NP formation, while FTIR spectra indicated the presence
of phenolic functional groups stabilizing the surface. TEM analysis revealed quasi-spherical NPs with an average size of ~20 nm. The nanoformulation
displayed concentration-dependent antimicrobial activity, with S. mutans and Lactobacillus spp. showing inhibition zones >40 mm at 150 ug/mL.
Time-kill assays demonstrated rapid reduction of microbial load, while leakage assays confirmed significant protein and cytoplasmic efflux, indicative
of membrane disruption.

Conclusion: Sinapic acid-incorporated Fe,0, NPs exert antimicrobial activity through a dual mechanism involving membrane disruption and reactive
oxygen species (ROS) generation. Their nanoscale size, stability, and functionalization enhance efficacy compared to plain Fe,0, NPs. These findings
highlight their potential for applications in oral healthcare formulations and localized antimicrobial therapies, though further validation of ROS
mechanisms and cytotoxicity is recommended.
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INTRODUCTION

Antimicrobial resistance has become a critical global health
issue, complicating the effective treatment of bacterial and fungal
infections [1]. The rise in resistance to conventional antibiotics has led
to increased morbidity, mortality, and economic burden, necessitating
the exploration of innovative therapeutic strategies [2]. Oral pathogens,
in particular, pose a significant challenge due to their ability to form
resilient biofilms and develop resistance, contributing to infections
such as dental caries, periodontal disease, and systemic complications.
Addressing these challenges requires a multidisciplinary approach,
including the development of novel antimicrobial agents with enhanced
efficacy and safety [3].

The oral cavity harbors a complex microbial community, with
certain pathogens playing key roles in the onset and progression
of oral diseases. Streptococcus mutans is a primary contributor
to dental caries due to its acidogenic and aciduric properties.
Similarly, Lactobacillus spp. species exacerbate the cariogenic
process by thriving in acidic environments [4]. Fungal pathogens
like Candida albicans complicate periodontal disease through
biofilm formation and resistance to conventional treatments. Other
pathogens such as Staphylococcus aureus and Enterococcus faecalis
are associated with systemic infections, root canal failures, and

persistent endodontic infections, highlighting the need for effective
antimicrobial interventions [5,6].

Iron oxide nanoparticles (Fe,0, NPs) have garnered attention for
their unique physicochemical properties, including a high surface
area-to-volume ratio, magnetic characteristics, and biocompatibility [7].
These properties make Fe,0, NPs suitable for biomedical applications
such as drug delivery and antimicrobial therapies [8]. Their mechanisms
ofactioninclude disrupting microbial membranes and generating reactive
oxygen species (ROS), which damage essential cellular components like
DNA, proteins, and lipids. These multifaceted mechanisms provide a
robust approach to combat resistant pathogens [9,10].

Sinapic acid, a natural phenolic compound, possesses antioxidant,
antimicrobial, and anti- inflammatory properties [11,37]. When
incorporated into Fe,O, NPs, sinapic acid enhances NP stability,
prevents aggregation, and facilitates increased ROS generation [12].
The synergy between sinapic acid and Fe,0,NPs amplifies their
antimicrobial efficacy while maintaining biocompatibility, making
the nanoformulation a promising candidate for combating infections
caused by resilient oral pathogens [8,13].

This study aims to investigate the antimicrobial mechanism of action
of sinapic acid- incorporated Fe,0, NPs against clinically significant
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oral pathogens. By employing assays such as agar well diffusion, time-
kill curve, protein leakage, and cytoplasmic leakage analysis, the study
seeks to elucidate the interaction between these NPs and microbial cells,
providing insights into their potential applications in oral healthcare
and beyond.

MATERIALS AND METHODS

In this study, the Fe,0, NPs were synthesized using cinnamon extract
as a natural reducing and stabilizing agent in the green synthesis
process. Following this step, the NPs were subsequently functionalized
with sinapic acid to enhance stability and antimicrobial efficacy. Thus,
cinnamon extract served as the initial biogenic reducing medium,
while sinapic acid was incorporated afterward as a capping and
functionalizing agent.

Preparation of cinnamon extract

To prepare the cinnamon extract for synthesizing Fe,0, NPs, 1 g of dried
cinnamon was added to 100 mL of distilled water. The mixture was
heated on a mantle at 60-70°C for 15-20 min to facilitate the extraction
of bioactive compounds. The solution was then filtered using Whatman
No. 1 filter paper to remove any particulate matter. The filtered extract
was stored at 4°C to preserve its active components for NP synthesis.

Synthesis of Fe, 0, NPs

For the synthesis of Fe,0, NPs, 30 mM of iron chloride was dissolved
in 50 mL of distilled water to prepare the precursor solution. An
equal volume (50 mL) of cinnamon extract was added to the solution,
providing reducing and stabilizing agents. The reaction mixture was
stirred continuously at 600 rpm on a magnetic stirrer for24-48 h stop
romote NP formation. The progress of the synthesis was monitored
using a ultraviolet (UV)-visible double-beam spectrophotometer
to detect characteristic absorbance peaks indicative of Fe,O,NPs
formation. Upon completion, the NP solution was centrifuged at
8000 rpm for 10 min to separate the Fe,O,NPs (pellet) from the
supernatant. The pellet was collected, washed, and stored in an airtight
Eppendorf tube for further use.

Functionalization of Fe,0,NPs with sinapic acid

To prepare the sinapic acid-Fe,0,NPs, 100 mg of sinapic acid was
dissolved in 1 mL of DMSO and 4 mL of PBS to create a 5 mL solution.
This solution was mixed using an orbital shaker for 1 h to ensure
uniform dispersion. Subsequently, 1 mL of the sinapic acid solution was
added to 1 mL of Fe,0, NPs and sonicated for 30 min to achieve a stable
dispersion of sinapic acid onto the NPs. The final nanoformulation was
stored for subsequent analysis and antimicrobial testing.

Characterization

The synthesized Fe,0, NPs incorporated with sinapic acid were
subjected to physicochemical characterization. UV-visible spectroscopy
was performed using a double-beam UV-visible spectrophotometer
(Shimadzu UV-1800, Japan) in the range of 200-800 nm to monitor NP
formation. Fourier transform infrared spectroscopy (FTIR) was carried
out using an FTIR spectrometer (Bruker Alpha II, Germany) in the
wavenumber range 4000-400 cm™ to identify functional groups involved
in NP stabilization. Transmission electron microscopy (TEM) analysis
was performed using a JEOL JEM-2100 microscope (Japan) operating
at 200 kV to determine morphology and particle size distribution. The
samples were prepared by drop-casting the NP suspension on carbon-
coated copper grids, followed by drying under vacuum prior to imaging.

Antimicrobial activity evaluation
Agar well diffusion assay

The antimicrobial activity of sinapic acid-incorporated Fe,0, NPs was
evaluated using the agar well diffusion assay. Standardized inoculums
of oral pathogens, including S. mutans, Lactobacillus spp., C. albicans,
S. aureus, and E. faecalis, were prepared to match the 0.5 McFarland
turbidity standard (~10° CFU/mL). The inoculums were spread evenly
on solidified Mueller-Hinton agar plates, and 9mm wells were punched
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into the agar using a sterile tip. The wells were filled with 100 uL of
Fe,0, NP suspensions at concentrations of 25, 50, and 100 pg/mL.
Standard antimicrobial agents (amoxyrite for bacteria and fluconazole
for fungi) and controls were included for comparison. Plates were
incubated at 37°C for 24 h (bacteria) or 28°C for 48 h (fungi), and the
zones of inhibition were measured.

Time-kill curve assay

The time-kill curve assay assessed the bactericidal and fungicidal
activity of the NPs. Microbial cultures were standardized to~10°CFU/mL
and treated with sinapic acid incorporated Fe,0, NPs at 25, 50, and
100 ug/mL. Standard agents (amoxyrite for bacteria and fluconazole
for fungi) and untreated controls were included for comparison. The
samples were incubated at 37°C with gentle shaking. At 0, 1, 2, 3, 4, and
5 h, 100 pL aliquots were withdrawn, and their optical density (OD)
at 600 nm was measured using an ELISA reader to quantify microbial
growth reduction over time.

Protein and cytoplasmic leakage analysis

To explore the mechanism of action, protein and cytoplasmic leakage
assays were conducted. Microbial cultures were exposed to sinapic acid
incorporated Fe,0, NPs at 25, 50, and 100 pug/mL. The supernatant
of treated cultures was collected, and protein leakage was quantified
by measuring OD at 280 nm. Cytoplasmic leakage was determined by
measuring OD at 260 nm, indicating nucleic acid release. Results were
compared to the control (untreated pathogens) and standard agents
(amoxyrite for bacteria and fluconazole for fungi) to confirm membrane
disruption and cellular damage.

Statistical analysis

All experiments were performed in triplicate (n=3), and results are
expressed as meanztstandard deviation (SD). Statistical analysis was
carried out using GraphPad Prism version 8.0.1 (GraphPad Software,
USA). One-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test was employed to compare differences between groups. A
p<0.05 was considered statistically significant.

RESULT

UV-visible spectroscopy

The results, as illustrated in Fig. 1, demonstrated a characteristic
absorption peak near 350 nm, indicative of iron oxide NP formation.
The absorbance values increased with time, showing a peak intensity at
24 h, suggesting enhanced particle formation and stability. Specifically,
at 3 h, the absorbance was relatively low, indicating the initial stages of
NP nucleation. By 12 h, there was a noticeable increase in absorbance,
showing a significant progression in NP growth. At 24 h, the absorbance
reached its highest point, suggesting that the NPs had achieved optimal
formation and stability. The spectral profile and peak shift suggest
successful synthesis of Fe,0, NPs with sinapic acid stabilization, and
the time-dependent increase in absorbance aligns with the anticipated
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Fig. 2: Fe,0, nanoparticles formulated with sinapic acid-fourier transform infrared spectroscopy spectrum

NP maturation process. This observation supports the effectiveness of
sinapic acid and cinnamon extract in facilitating the green synthesis
and stabilization of iron oxide NPs.

FT-IR

The spectrum displayed a broad peak around 3400 cm™, corresponding
to O-H stretching vibrations, indicating hydroxyl groups likely from
sinapic acid or surface-bound water, contributing to NP stabilization.
A distinct absorption band near 1630 cm™ was attributed to C=0
stretching, suggesting the involvement of sinapic acid’s carbonyl groups
in binding to the Fe,0, surface. Additional peaks at approximately
1380 cm™ and 1050 cm™ were assigned to C-H bending and C-O
stretching vibrations, respectively, confirming the presence of
organic moieties from sinapic acid on the NP surface. The region
below 1000 cm™ revealed characteristic Fe-O stretching vibrations,
confirming the successful formation of iron oxide NPs. Overall, the FTIR
results validate the effective synthesis and functionalization of Fe,0,
NPs with sinapic acid, highlighting its dual role in NP formation and
stabilization, essential for biomedical applications.

TEM

TEM images (Fig. 3a and b) showed that the NPs possess a
quasi-spherical shape with slight agglomeration-typical for green-
synthesized nanomaterials. At 210,000x magnification, the particles
appeared dense and uniformly shaped, with an average diameter of
~20 nm. Higher magnification (300,000x) confirmed a consistent size
and well-defined edges, indicating uniform distribution and controlled
synthesis. The nanoscale size and stable morphology suggest that
sinapic acid plays a key role in preventing excessive growth and
aggregation during NP formation. Overall, the TEM results confirm the
successful synthesis of ~20 nm Fe,0, NPs with a stable, quasi-spherical
structure-properties that are favorable for biomedical applications due
to improved surface area, cellular uptake, and biocompatibility.

Antimicrobial activity

The antimicrobial activity of the NPs was confirmed by agar well
diffusion (Fig. 4). Distinct zones of inhibition were observed in a
concentration-dependent manner. Specifically, S. mutans (Fig. 4a)
exhibited a maximum inhibition zone of 42 mm at 150 pug/mL, while
C.albicans (Fig.4b) showed azone of 37 mm. E. faecalis (Fig. 4c) displayed
moderate inhibition (28 mm at 150 pg/mL), whereas S. aureus (Fig. 4d)
showed zones of 30-35 mm depending on concentration. Lactobacillus
spp. (Fig. 4e) exhibited significant inhibition, with a maximum zone
of 40 mm at 150 pg/mL. The corresponding quantitative analysis
of inhibition zones is shown in Fig. 5. The differences in inhibition
zones across concentrations (50, 100, 150 ug/mL) were statistically
significant for all pathogens (p<0.05, ANOVA with Tukey’s test),
confirming concentration-dependent activity.

Time Kill curve assay
The time-kill curve assay was conducted to evaluate the antimicrobial
efficacy of sinapic acid-incorporated Fe,0, NPs at concentrations

Fig. 3: Fe,0, nanoparticles -sinapic acid nanoformulation
transmission electron microscopy images showing (a) aggregated
nanostructures at 20 nm scale and (b) individual nanoparticle
morphology at 10 nm scale

of 25, 50, and 100 ug/mL against various oral pathogens, including
Lactobacillus spp., C. albicans, S. aureus, E. faecalis, and S. mutans.
The standard control used in the assay was cinnamon extract, while
untreated samples served as the negative control. The results, depicted
in Fig. 6, highlight the concentration-dependent antimicrobial activity
over a 4-h period.

For Lactobacillus spp., the initial CFU count decreased slightly across
all concentrations, with the 100 ug/mL concentration showing the
most pronounced reduction in bacterial count, closely aligning with the
standard control by the end of the 4-h period. The 25 and 50 ug/mL
concentrations demonstrated moderate reduction but showed slight
regrowth after the 2-h mark, though still below the control level.

In the case of C. albicans, the 100 ug/mL concentration exhibited strong
antimicrobial activity, significantly reducing CFU counts over the 4-h
period, achieving similar results to the standard control. The 50 ug/mL
concentration also effectively lowered the CFU count but less markedly
than the highest concentration. The 25 pg/mL concentration showed
the least reduction among the tested concentrations, indicating a
limited effect compared to the standard control.

For S. aureus, all concentrations (25, 50,and 100 pug/mL) demonstrated a
steady decline in CFU count over time, with the 100 ug/mL concentration
resulting in the most substantial bacterial reduction, comparable
to the standard. The 50 pg/mL concentration exhibited moderate
antimicrobial activity, while the 25 ug/mL concentration showed a
minimal reduction in CFU counts, with slight regrowth noted after 3 h.
In the case of E. faecalis, the higher concentrations (50 and 100 pg/mL)
maintained a consistent reduction in CFU counts, closely matching the
standard control’s performance. The 100 ug/mL concentration proved
to be most effective, while the 25 ug/mL concentration displayed
limited activity, showing minimal reduction in CFU counts over the 4-h
period.
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Fig. 4: Agar well diffusion assay demonstrating the antimicrobial activity of sinapic acid-incorporated Fe,0, nanoparticles against oral
pathogens at different concentrations (50 pg/mL, 100 pg/mL, and 150 pg/mL) and a control (C). (a) Streptococcus mutans, (b) Candida
albicans, (c) Enterococcus faecalis, (d) Staphylococcus aureus, and (e) Lactobacillus spp
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Fig. 5: Antimicrobial activity of sinapic acid-incorporated Fe,0,
nanoparticles against oral pathogens (Lactobacillus spp., Candida.
albicans, Staphylococcus aureus, Enterococcus faecalis, and
Streptococcus mutans) measured by agar well diffusion assay.
Data are presented as mean+standard deviation (n=3). Statistical
significance was determined by one-way analysis of variance with
Tukey’s post hoc test (p<0.05)

Finally, for S. mutans, a notable decline in CFU count was observed
at the 100 pug/mL concentration, which demonstrated effectiveness
comparable to the standard control. The 50 pug/mL concentration
provided moderate bacterial suppression, whereas the 25 pg/mL
concentration showed minimal antimicrobial impact with slight
bacterial regrowth over time.

Significant differences (p<0.05) were observed between treated and
control groups at each time point, with higher concentrations (100 and
150 ug/mL) showing faster microbial killing kinetics.

Lower concentrations (25 and 50 ug/mL) demonstrated varying levels
of activity, generally achieving moderate reduction without complete
suppression, especially in longer incubation periods.

Mechanism of antimicrobial activity protein leakage analysis
The protein leakage analysis was conducted to evaluate the membrane-
disruptive action of Fe,0, NPs incorporated with sinapic acid against
various oral pathogens. This assay measured the OD of leaked proteins
in the supernatant at different concentrations of the nanoformulation
(25,50, and 100 pg/mL), along with standard and control groups.

The results showed a concentration-dependent increase in protein
leakage across all tested pathogens, indicating membrane damage
induced by Fe,0, NPs. At the lowest concentration (25ug/mL), the
optical density values for protein leakage were modest, ranging between
0.45 and 0.55 across pathogens. However, at 50 pug/mL, the leakage
levels increased, with OD values approaching those of the standard. This
trend continued at the highest concentration (100 pug/mL), where the
protein leakage reached its peak, showing values similar to or slightly

exceeding the standard, particularly for E. faecalis and S. mutans, which
had the highest protein leakage, with optical densities close to 0.6.

Protein leakage increased significantly in a concentration-dependent
manner (p<0.05) compared to untreated controls for all tested
pathogens. These findings suggest that Fe,0, NPs induce antimicrobial
activity by disrupting the cellular membrane integrity, leading to leakage
of intracellular proteins. This mechanism highlights the potential of
Fe,0, NPs as a potent antimicrobial agent that compromises bacterial
and fungal cell membranes, thereby inhibiting pathogen survival.

Cytoplasmic leakage analysis

The cytoplasmic leakage analysis was conducted to assess the extent
of cellular damage caused by Fe,0, NPs incorporated with sinapic
acid against selected oral pathogens. The assay measured the OD of
cytoplasmic contents released into the surrounding medium at different
concentrations of the nanoformulation (25, 50, and 100 pg/mL), along
with standard and control groups.

0D260 measurements revealed significant cytoplasmic leakage at
50 and 100 pg/mL compared with controls (p<0.05), supporting
membrane disruption as a primary mechanism. At 25 ug/mL, moderate
cytoplasmic leakage was observed, with OD values ranging from
0.45 to 0.55. When the concentration was increased to 50 ug/mL, the
leakage levels rose, with optical densities approaching those seen in
the standard control, particularly for Lactobacillus spp. and E. faecalis,
which exhibited the highest OD readings among the pathogens.

The highest concentration, 100 ug/mL, demonstrated the most
pronounced cytoplasmic leakage, with OD values comparable to or
slightly exceeding the standard control. This trend was most evident
in S. aureus and S. mutans, where OD readings approached 0.65-0.7,
indicating significant membrane disruption. The control group, which
lacked Fe,0, NPs, displayed minimal cytoplasmic leakage, confirming
the essential role of the Fe,0, NPs in inducing cellular damage.

These findings indicate that Fe,0, NPs cause membrane disruption
leading to cytoplasmic leakage, contributing to their antimicrobial
action against oral pathogens. The results highlight the ability of Fe,0,
NPs to compromise the structural integrity of microbial cells, thereby
inhibiting their growth and survival.

DISCUSSION

The physicochemical characterization of sinapic acid-incorporated
Fe,0, NPs confirmed their successful synthesis and stability. UV-
visible spectroscopy showed a distinct absorption peak consistent
with NP formation, while FTIR spectra verified the presence of
phenolic functional groups from sinapic acid on the NP surface,
confirming functionalization and stabilization (Fig. 2). TEM analysis
further revealed quasi-spherical NPs with an average size of ~20 nm,
a morphology favorable for cellular uptake and biofilm penetration.
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Fig. 6: Time-Kkill curve assay showing the antimicrobial activity of sinapic acid-incorporated Fe,0, nanoparticles against oral pathogens:
(a) Lactobacillus spp., (b) Candida albicans, (c) Staphylococcus aureus, (d) Enterococcus faecalis, and (e) Streptococcus mutans. Data are
presented as meantstandard deviation (n=3). Statistical significance was determined by one-way analysis of variance with Tukey’s post
hoc test (p<0.05)
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disruptive effect of sinapic acid-incorporated Fe,0, nanoparticles
against oral pathogens (Lactobacillus spp., Candida albicans,
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Fig. 8: Cytoplasmic leakage analysis illustrating the membrane-
disruptive effects of sinapic acid-incorporated Fe,0,
nanoparticles on oral pathogens (Lactobacillus spp., Candida
albicans, Staphylococcus aureus, Enterococcus faecalis, and
Streptococcus mutans). Data are presented as meanzstandard
deviation (n=3). Statistical significance was determined by one-
way analysis of variance with Tukey’s post hoc test (p<0.05)

The nanoscale dimensions also maximize surface area, which is critical
for enhancing interactions with microbial membranes and thereby
augmenting antimicrobial efficacy [14-16].

The antimicrobial activity of the nanoformulation was comprehensively
investigated using agar well diffusion, time-kill kinetics, protein leakage,
and cytoplasmic leakage assays. Each assay provided complementary
insights into efficacy and mechanism. The agar well diffusion assay
demonstrated concentration-dependent inhibition, with S. mutans
and Lactobacillus spp. exhibiting the largest zones exceeding 40 mm at
150 pug/mL, while C. albicans and E. faecalis displayed smaller inhibition
zones, indicating relative resistance. These findings were further
supported by quantitative measurements (Fig. 5), where significant
differences across concentrations were confirmed by statistical analysis
(ANOVA with Tukey’s post hoc test, p<0.05) [15-18].

The time-Kkill curve assay provided dynamic evidence of antimicrobial
kinetics. At 150 pug/mL, a rapid and sustained decline in colony-
forming units was observed within 4 h across all pathogens,
confirming robust bactericidal and fungicidal activity [19,20]. At
lower concentrations (50-100 ug/mL), partial regrowth occurred,
suggesting incomplete membrane disruption at suboptimal
doses. Importantly, pathogens that showed the highest leakage in
subsequent assays-S. mutans and Lactobacillus spp.,—were also
those most rapidly killed, directly linking membrane destabilization
with antimicrobial outcomes [21-24].

Protein leakage analysis quantified the extent of membrane disruption
caused by the NPs. At 25 ug/mL, modest protein leakage (OD ~0.45)
was observed, but levels rose significantly at 50-100 pg/mL, with
S. mutans and E. faecalis showing OD values near 0.6 (Fig. 7). These
results align with the inhibition zones and time-kill data, confirming
that NP-induced membrane damage correlates with antimicrobial
efficacy [25-27]. Cytoplasmic leakage assays further validated this
mechanism, showing concentration-dependent nucleic acid release,
with peak OD values of 0.65-0.7 for S. aureus and S. mutans at 100 pg/
mL (Fig. 8). The minimal leakage in the control (cinnamon extract)
underscores the enhanced effect of sinapic acid functionalization
[28,29]. The consistency between protein and cytoplasmic leakage
results strengthens the conclusion that membrane disruption is the
principal antimicrobial pathway [30].

Taken together, the mechanism of action of sinapic acid-incorporated
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Fe,0, NPs appears to be multifaceted. The NPs directly interact
with microbial membranes, destabilizing their structural integrity
and increasing permeability, which results in the efflux of essential
intracellular proteins and nucleic acids. While ROS generation is a
well-documented effect of iron oxide NPs, our study did not directly
quantify ROS using probes such as DCFH-DA. Thus, ROS should
be regarded as a hypothetical secondary mechanism rather than
a confirmed pathway. Future studies are required to confirm this
possibility [31,32].

The novelty of the present nanoformulation lies in the synergistic
contribution of the Fe,0, core and the sinapic acid coating. Compared
with plain Fe,0, NPs, sinapic acid enhances stability, prevents
aggregation, and likely contributes antimicrobial activity through its
phenolic properties, including ROS modulation, metal ion chelation,
and metabolic disruption. Other phenolic acid coatings have previously
been shown to improve antimicrobial efficacy, but sinapic acid remains
underexplored, making this work an incremental advancement in
NP-based antimicrobial design [17,32,33].

Despite the promising results, several limitations must be
acknowledged. The agar well diffusion assay may underestimate
activity due to limited NP diffusion through agar and potential
aggregation. The OD-based approach in the time-Kill assay may be less
reliable for fungal species such as C. albicans, which tend to clump.
Furthermore, in vivo cytotoxicity and oral microbiome effects remain
untested. Comprehensive cytotoxicity studies, ROS quantification, and
in vivo validation will be essential before clinical application [28,33].

Clinical and translational relevance

The broad-spectrum antimicrobial efficacy of sinapic acid-incorporated
Fe,0, NPs highlights their potential for oral healthcare applications.
Their effectiveness against S. mutans and E. faecalis-key pathogens
in dental caries and endodontic infections suggests their
incorporation into oral hygiene formulations such as mouthwashes,
toothpastes, gels, and varnishes. Their antifungal activity against
C. albicans further indicates potential for treating oral candidiasis in
immunocompromised individuals. Beyond dentistry, these NPs could
also be employed in wound dressings and other localized therapies
against antibiotic-resistant infections [34-36].

CONCLUSION

This study establishes sinapic acid-incorporated Fe,0, NPs as an
effective antimicrobial agent against a range of oral pathogens,
including S. mutans, Lactobacillus spp., C. albicans, S. aureus, and
E. faecalis. The antimicrobial efficacy, demonstrated through agar
well diffusion, time-kill curve, protein leakage, and cytoplasmic
leakage analyses, reveals a robust, concentration-dependent activity.
At higher concentrations, these NPs caused significant membrane
disruption, evidenced by the leakage of intracellular proteins and
cytoplasmic contents, leading to microbial cell death. The generation
of ROS further enhanced the NPs’ bactericidal and fungicidal
effects. The incorporation of sinapic acid significantly enhanced the
antimicrobial properties of Fe,0, NPs by stabilizing their structure,
promoting ROS generation, and synergistically disrupting microbial
membranes. S. mutans and Lactobacillus spp. exhibited the highest
sensitivity, highlighting the potential of these NPs in oral healthcare
applications.

These findings position sinapic acid-incorporated Fe,03; nanoparticles
as promising candidates for use in oral hygiene products, dental
restorative materials, and localized antimicrobial therapies, due to
their potent antimicrobial properties, biocompatibility, and ability
to promote oral health while minimizing side effects associated with
conventional treatments. However, further studies are needed to
optimize NP formulations, assess biocompatibility, and evaluate long-
term impacts on microbial resistance and the oral microbiome. With
these advancements, these NPs could provide innovative solutions for
addressing microbial infections in oral and medical care.
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