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Abstract
Background: This study investigated the antibacterial effectiveness of orthodontic adhesive enhanced
with stannous oxide (SnOz) nanoparticles against Lactobacillus acidophilus and Streptococcus mutans,
in comparison to traditional adhesives without nanoparticle infusion. Methods: A modified orthodontic
adhesive was prepared by incorporating 1% w/w of tin dioxide and zinc oxide nanoparticles (SnO: +
Zn0: NPs) into Transbond XT. This nanoparticle-enhanced composite was used to fabricate discs for
assessing antibacterial activity against Lactobacillus acidophilus and Streptococcus mutans using a
biofilm inhibition test. To evaluate the antibacterial effect and biofilm inhibition properties of the
modified adhesive, a total of 50 composite discs were fabricated. The antibacterial properties of
composite discs infused with SnO: and ZnO: nanoparticles were evaluated against Streptococcus
mutans (MTCC 497) and Lactobacillus acidophilus (MTCC 10307) using disc agar diffusion and
biofilm inhibition assays. Inhibition zones were measured on Mueller-Hinton agar, while biofilm
formation was assessed on light-cured and polished composite discs over multiple three-day cycles.
Bacterial suspensions were prepared under controlled conditions, and CFU counts were used to
quantify biofilm inhibition. Additionally, direct contact tests and microscopic analyses, including SEM
and confocal laser scanning microscopy with DAPI staining, were conducted to examine bacterial
attachment and early biofilm development on the composite surfaces. Results: The disc agar diffusion
test showed significantly larger zones of inhibition around SnO:+ZnO:-infused composite discs
compared to the control, indicating enhanced antibacterial activity against Lactobacillus acidophilus
and Streptococcus mutans. SEM analysis revealed
reduced Streptococcus mutans attachment and
sparser biofilm formation on SnO:+ZnO:-infused
composites compared to unmodified discs. CLSM
imaging further confirmed lower biofilm density on
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INTRODUCTION
In orthodontics, progress in material science has
significantly transformed treatment approaches and
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improved patient outcomes. Orthodontic composites are now fundamental in attaching brackets and
various appliances, providing benefits such as enhanced aesthetics, stronger adhesion, and shorter
treatment times. Despite these advancements, a persistent challenge during fixed appliance therapy is
the demineralization of enamel surfaces [1]. Brackets and other fixed orthodontic appliances tend to
create niches that encourage plaque accumulation due to their retentive design [2]. The resulting
changes in the oral microbiota—particularly the proliferation of acidogenic bacteria like
Streptococcus mutans, Staphylococcus aureus, and Lactobacillus—Iead to the production of acids that
contribute to enamel demineralization and the formation of white spot lesions (WSLs) [2,3,4]. These
lesions can begin forming as early as four weeks after appliance placement, highlighting the critical
need for effective prevention and management strategies [5].

Recent advancements in orthodontic materials have aimed to address this issue, with increasing
interest in the incorporation of nanotechnology in dental applications [6,7]. We are constantly
bombarded with enthusiastic claims about how nanotechnology is benefiting every aspect of
orthodontic society [8]. Nanoparticles (NPs), owing to their distinctive physicochemical properties,
have demonstrated enhanced antibacterial effects by interacting with the negatively charged surfaces
of bacterial cells. Researchers have explored embedding such nanomaterials into orthodontic
adhesives to improve their antibacterial efficacy without compromising mechanical properties [9]. A
study by Ahn et al. [10] found that integrating silver nanofillers into orthodontic bonding agents could
effectively reduce enamel demineralization while preserving adhesive performance.

Moreover, nanocomposites, nano ionomers and fibres have been reported to meet clinically
acceptable shear bond strength (SBS) standards, making them suitable candidates for bonding in
orthodontics [11]. Similar study by Almeshaal et shown that fibers from Grewia monticola Sond
(GMS) could potentially serve as a reinforcing material in biocomposites[12]. Kenaf/banana hybrid
composites containing up to 40 wt.% fiber content have demonstrated suitability for wear-related
applications, such as disc brakes, under real-world conditions. Even when fully saturated with water,
these composites do not exhibit a significant reduction in mechanical strength[13]. The elemental
analysis confirms the organic nature of cellulose due to its high carbon and oxygen content. Based on
the physicochemical properties, these celluloses could serve as alternative sources for industrial
applications, particularly as reinforcement fillers in polymer composites for value-added products[14].
Incorporating nanofillers can enhance the tensile strength retention of open-hole laminates and
postpone the initiation of failure [15]. Among the various nanoparticles studied, zinc oxide, silver,
gold, and titanium have shown significant antibacterial effects against S. mutans [11].

The selection of tin oxide (SnO:) and zinc oxide (ZnO) nanoparticles is justified due to their strong
and synergistic antimicrobial activity, cost-effectiveness, biocompatibility, and minimal discoloration
compared to silver nanoparticles, which, despite their potency, can cause esthetic concerns. Recent
studies have shown that combining SnO: with ZnO enhances the production of reactive oxygen
species and improves contact-killing mechanisms against oral pathogens [16]. With their high surface
area and strong interaction with microbial membranes, SnO.-ZnO nanocomposites are emerging as
promising additives in orthodontic composites.

This study, therefore, focuses on evaluating and comparing the antibacterial performance of a
Sn02-ZnO nanocomposite-infused orthodontic adhesive against a conventional, non-nano-modified
composite. The primary aim is to assess the potential of the nano-enhanced material in minimizing
bacterial activity associated with enamel demineralization

MATERIALS AND METHODS

The study was performed at Saveetha Dental College and Hospitals in Chennai, India. A tin dioxide
(SnO2) nanoparticle composite was created by mixing commercial SnO2 nanoparticles with
an orthodontic adhesive resin (3M™ Transbond™ XT Light Cure Adhesive - Figures 1 and 2).
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Figure 1. Transbond XT adhesive.

Figure 3. Abs, LC, and HC marked on the agar plate
are standard antibiotics used for antimicrobial testing.
NP, nanoparticle; SnO-, tin dioxide and zinc oxide.

The nanoparticles, measuring 30—50 nm with >99.5% purity, were added at an optimized weight ratio.
Mixing occurred in a dark room using a Retsch Emax high-energy ball mill.

Sample Preparation

A total of 50 composite discs were fabricated for this study. Following the methodology of Reddy
et al., the sample size was calculated using G*Power software (version 3.1) with a power of 95%.
Each disc was consistently prepared with a 3 mm thickness and 6 mm diameter, using a Bioplast
transparent thermoplastic sheet (Figure 3).
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Antibacterial Testing

To test for antibacterial properties, composite discs were used against S. mutans (MTCC 497) and
Lactobacillus acidophilus (MTCC 10307). The disc agar diffusion test was employed to measure the
zone of inhibition on Mueller-Hinton agar (Figure 3). Three discs were placed 2 cm apart: a
conventional Transbond XT control and two infused with SnO2+ZnO2 nanomaterials. A 20 pL
bacterial suspension ( 108 CFU/mL) was added to each disc, and bacterial growth inhibition was
measured after 48 hours.

Preparation of Bacterial Suspensions

Streptococcus mutans (MTCC 497) was grown in brain heart infusion (BHI) broth with 40 pg/mL
Bacitracin at 37°C, shaking at 300 rpm for 48 hours. The bacterial suspension's turbidity was adjusted
after centrifugation at 3180 g for 15 minutes.

Biofilm Inhibition Assay

To evaluate biofilm inhibition, twelve composite discs (n=12,100+3 mg) were light-cured (470 nm)
for 20 seconds and polished with a Sof-Lex disc system. Biofilms were grown on these discs in 24-
well plates using S. mutans and L. acidophilus. After three days, the biofilms were disrupted with
PBS and glass beads, homogenized, and serial dilutions were performed to quantify CFU on BHI agar
plates. This process was repeated six times.

Aging of Biofilm Composites

Biofilms were grown on the same discs for three separate, three-day cycles. Between each cycle,
the discs were sonicated in double-distilled water for 15 minutes to eliminate residual proteins and
biofilm matrix. Biofilm inhibition was then quantified using the same method as the initial experiment.

Direct Contact Inhibition and Microscopy

To observe bacterial attachment and early biofilm formation, composite discs were inoculated with
bacterial solutions (107 CFU) and incubated for 24 hours. The samples were fixed with 2.5%
glutaraldehyde and sodium cacodylate buffer, then dehydrated with ethanol. Finally, the samples were
visualized using a scanning electron microscope (S-3000N, Hitachi Sciences Systems) and a confocal
laser scanning microscope (LSM 510 META, Carl Zeiss Microlmaging) with DAPI staining.

RESULTS
Disc Agar Diffusion Test

The disc agar diffusion test revealed significant differences in the zones of inhibition for both
Lactobacillus acidophilus and Streptococcus mutans. The zones of inhibition were substantially larger
around the nanofilled composite discs compared to the control group, indicating that the SnO>+ZnO--
infused composites demonstrated a stronger antibacterial effect against both bacterial strains. This can
be visualized in Figures 4—6, where the inhibition zones for the nanocomposite discs are clearly more
pronounced than those for the unmodified control discs.

The results clearly demonstrate enhanced antibacterial activity in nanoparticle-doped composites
compared to controls, with statistically significant differences in inhibition zones (p < 0.05). The
differences in biofilm inhibition were not only statistically significant (p < 0.05), but also clinically
relevant, as the reduction in biofilm mass directly correlates with lower risk of enamel
demineralization and white spot lesion formation in orthodontic patients.

Biofilm Inhibition by Microscopy

Cell adherence and biofilm growth patterns were qualitatively assessed on both the unmodified and
nanofilled composite discs using Scanning Electron Microscopy (SEM) and Confocal Laser Scanning
Microscopy (CLSM).
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Figure 4. Zones of inhibition around Figure 5. Zone of inhibition around SnO>+ZnO:-
conventional composite discs (control). The filled composite against Lactobacillus
transparent circles around each composite disc acidophilus, demonstrating a larger inhibition
indicate the zones with no bacterial growth, while = zone compared to the control. (NP, nanoparticle;
the white areas represent regions with bacterial tin dioxide and zinc oxide)

growth. Abs, LC, and HC are standard antibiotics
used for comparison.

Figure 6. Zone of inhibition around the
nanofilled composite discs against Streptococcus
mutans, showing a larger inhibition zone
compared to the control composite discs. (NP,
nanoparticle; tin dioxide and zinc oxide).

SEM Observations (Figure 7)

Streptococcus mutans attachment after one day of growth was notably higher on the unmodified
composite discs compared to the SnO>+ZnO:-infused composite discs. The nanofilled composites
showed a sparse distribution of microbial cells and less dense biofilm formation.

CLSM Observations (Figure 8)

The CLSM images demonstrated a higher biofilm coverage on the unmodified composites after one
day, with a continuous biofilm layer formed. In contrast, the SnO:+ZnO:-composites exhibited
significantly lower biofilm density, indicating effective inhibition of biofilm formation.
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Figure 7. Streptococcus mutans biofilm attachment after one day of incubation, captured using
scanning electron microscopy (5000% magnification). The images show: (a) SnO>+ZnO:-infused
composite, where bacterial attachment is sparse, with fewer bacterial colonies and limited biofilm
formation; (b) unmodified composite, displaying a denser and more widespread biofilm coverage,
indicating significantly higher bacterial colonization. The differences in biofilm density and

attachment illustrate the enhanced antibacterial effect of the SnO>+Zn0O2 nanocomposite.
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Figure 8. Visualization of Streptococcus mutans biofilm stained with DAPI using confocal laser
scanning microscopy (CLSM). The images show biofilm attachment after one day of incubation on:
(a) SnO2+Zn0:-infused composite, with sparse and less dense biofilm formation; (b) unmodified
composite, exhibiting significantly higher biofilm coverage; (c) a low magnification view (120x) of
the biofilm on the unmodified composite, revealing extensive biofilm formation and distribution
across the composite surface. The contrast between the SnO.+ZnO: nanocomposite and the
unmodified composite highlights the superior biofilm inhibition of the nanofilled material.

Additionally, neither SEM nor CLSM images showed any bacterial cell attachment on the Ag
control composites after one day of incubation (data not shown).

The differences in biofilm inhibition were not only statistically significant (p < 0.05), but also
clinically relevant, as the reduction in biofilm mass directly correlates with lower risk of enamel
demineralization and white spot lesion formation in orthodontic patients.

DISCUSSION

This study evaluated the antibacterial properties and biofilm inhibition potential of orthodontic
composites infused with SnO: and ZnO- nanoparticles (NPs). The combination of these nanomaterials
was incorporated into a commercially available orthodontic adhesive, 3M™ Transbond™ XT, and
compared with unmodified composites for their efficacy against Streptococcus mutans and
Lactobacillus acidophilus, two key bacterial species implicated in dental caries and biofilm formation
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[17, 18]. The findings of this study provide important insights into the potential application of
nanofilled composites in clinical orthodontics to reduce bacterial colonization and mitigate the risk of
plaque accumulation around orthodontic appliances.

The disc agar diffusion test demonstrated a significant antibacterial effect of the SnO.+ZnO.-
infused composite against both S. mutans and L. acidophilus. The nanofilled composite discs
exhibited considerably larger zones of inhibition compared to the unmodified control discs. This
confirms that nanoparticle doping significantly enhances the antibacterial properties of orthodontic
composites [19]. These results suggest that the incorporation of SnO: and ZnO: nanoparticles into
orthodontic adhesives enhances the antibacterial properties of the material [20-22].

Similar Several studies have reported the antimicrobial properties of metal oxide nanoparticles,
particularly SnO: and ZnO-, which are known for their bactericidal activities due to their ability to
generate reactive oxygen species (ROS) [23]. These ROS can induce oxidative stress in bacterial
cells, leading to cell membrane disruption and DNA damage. This mechanism likely accounts for the
superior antibacterial performance observed in the nanocomposite discs, as the nanoparticles release
ROS upon contact with bacterial cells, creating an inhospitable environment that inhibits bacterial
growth and proliferation [24-26].

Biofilm formation is a major challenge in orthodontic treatments, as it can lead to enamel
demineralization, white spot lesions, and increased caries risk [27]. Therefore, evaluating the biofilm
inhibition potential of the modified composite was a crucial aspect of this study. Both SEM and
CLSM observations revealed that biofilm formation was significantly reduced on the SnO>+ZnO:
infused composites compared to the unmodified control composites [28-30].

After one day of incubation, S. mutans attachment and biofilm growth were markedly higher on the
unmodified composite discs, while the SnO>+ZnO: composites exhibited a sparse distribution of
bacterial cells. This indicates that the nanocomposite effectively reduced the initial bacterial adhesion,
which is a critical step in biofilm formation. The roughness and surface properties of the composite
materials play a significant role in bacterial attachment. The presence of SnO: and ZnO- nanoparticles
may have altered the surface characteristics of the composite, making it less conducive for bacterial
colonization [31].

The CLSM images further corroborated the SEM observations, showing dense biofilm formation
on the unmodified composites after one day, with a continuous biofilm layer covering the surface. In
contrast, the biofilms on the nanocomposites were sparser and less structured, indicating that the
Sn02+Zn0O:> nanomaterials disrupted the biofilm formation process. This suggests that the
nanoparticles not only inhibit bacterial growth but also interfere with biofilm maturation, reducing the
overall biomass and structural integrity of the biofilm [32,33].

These findings are consistent with previous studies that have demonstrated the ability of metal
oxide nanoparticles to inhibit biofilm formation. Specifically, recent reports indicate that SnO. and
ZnO disrupt biofilm development by interfering with quorum sensing and increasing oxidative stress
in pathogens [32].

SnO>+Zn0z, in particular, has been shown to disrupt bacterial quorum sensing, a cell-to-cell
communication mechanism that regulates biofilm development. By interfering with this process,
Sn0:+Zn0. may prevent bacteria from forming well-organized biofilm communities, thereby
reducing the risk of plaque accumulation and subsequent enamel demineralization [34].

The absence of cell attachment on the Ag control composites, as observed in both SEM and CLSM
images, further highlights the importance of selecting appropriate nanomaterials for dental
applications. While silver nanoparticles are well known for their potent antibacterial activity, their

© STM Journals 2025. All Rights Reserved 236



Characterization of Antibacterial and Biofilm Inhibition in Tin Savio et al.

potential cytotoxicity and discoloration issues limit their widespread use in clinical settings, especially
in esthetically sensitive areas such as orthodontic treatment [35, 36], By contrast, the use of SnO: and
ZnO provides a biocompatible and visually acceptable alternative, as supported by comparative in
vitro cytotoxicity studies [32].

Limitations

This study was conducted under controlled laboratory conditions, and the clinical environment
presents additional challenges that may affect the performance of the nanofilled composites. Factors
such as salivary flow, diet, and oral hygiene practices could influence the antibacterial efficacy of the
composite in a real-world setting. Furthermore, the sample size for biofilm inhibition studies was
relatively small, and the results should be interpreted with caution. Larger-scale studies with more
extensive replication are warranted to confirm the findings of this study.

CONCLUSION

In summary, adding SnO2 and ZnO: nanoparticles to orthodontic composites significantly enhanced
antibacterial and anti-biofilm effects against S. mutans and L. acidophilus, suggesting their potential
to reduce bacterial colonization and prevent enamel demineralization during treatment. Further in vivo
studies are needed to confirm long-term safety and efficacy.
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