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ABSTRACT

Dental biofilms created by Streptococcus mutans are a key cause of dental caries.This bacteria
strongly attaches to teeth, produces extracellular polysaccharides, and forms organized biofilms,
which play a major role in its ability to cause disease.Fluoride-based products are commonly
used to prevent caries due to their ability to Kill bacteria and help restore minerals to teeth. The
present study aimed to evaluate the antibacterial and antibiofilm effects of stannous fluoride
(SnF2), amine fluoride, and their combination against Streptococcus mutans ATCC 25175 using
agar well diffusion, crystal violet biofilm biomass quantification, and viable cell count assays.
Standardized cultures of S. mutans ATCC 25175 were exposed to SnF2, amine fluoride, and
their combination. Antibacterial activity was evaluated using the well diffusion method. Biofilm
biomass was quantified using crystal violet staining, while viable bacterial cells were
determined by colony-forming unit enumeration. All experiments were performed in triplicate
under aseptic laboratory conditions. The combination of SnF. and amine fluoride produced the
largest inhibition zone, the lowest crystal violet absorbance, and the lowest viable bacterial
count compared with the individual fluoride treatments. The combination produced a 75.8%
reduction in biofilm biomass and approximately an 83% reduction in viable bacterial count
compared with the untreated control. The combination of SnF2 and amine fluoride demonstrated
greater antibacterial and antibiofilm activity against S. mutans than either agent alone under the
experimental conditions used. Further studies using multispecies biofilms and clinically
relevant models are required to determine the applicability of this combined fluoride approach
in oral healthcare.
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INTRODUCTION

Dental caries remains one of the most prevalent chronic oral diseases worldwide and is strongly associated
with microbial biofilm accumulation on tooth surfaces. Streptococcus mutans has been identified as a
principal cariogenic microorganism due to its ability to metabolize dietary sugars and produce organic
acids that demineralize dental enamel (figure 1). The organism possesses remarkable adherence
capabilities mediated through glucosyltransferase enzymes, enabling the formation of complex biofilms
that protect bacterial communities from environmental stressors.!!]

Figure 1: Streptococcus Mutans *!

Biofilm-associated microorganisms exhibit increased resistance to antimicrobial agents compared with
their planktonic counterparts, making effective plaque control a continuing challenge in preventive
dentistry ©*!. Fluoride-based compounds have been extensively utilized in oral healthcare because of their
ability to inhibit enamel demineralization and enhance remineralization processes [*. Among these agents,
stannous fluoride (SnF2) has demonstrated broad-spectrum antimicrobial activity and the capacity to
reduce bacterial metabolism and biofilm formation [*/,

Amine fluoride represents another important fluoride-containing compound characterized by its surfactant
properties and enhanced retention on oral surfaces . Previous investigations have shown that amine
fluoride can interfere with bacterial adhesion and suppress the growth of cariogenic microorganisms (7).
The combination of different fluoride compounds has gained attention as a potential strategy for improving
antimicrobial efficacy against dental biofilms [®,

Studies have suggested that synergistic interactions between fluoride formulations may provide superior
antibacterial effects while simultaneously strengthening enamel resistance °). Combination therapies have
been reported to affect extracellular polysaccharide synthesis and bacterial viability within mature
biofilms %131, Furthermore, fluoride-based antibiofilm approaches remain important components of
modern preventive dentistry !4 Although the antibacterial and antibiofilm properties of individual
fluoride-containing agents have been widely investigated, comparatively limited information is available
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regarding the combined activity of stannous fluoride and amine fluoride against S. mutans under
controlled in vitro conditions. Comparative evaluation of the two individual agents and their combination
using antibacterial activity, biofilm biomass, and viable bacterial count as complementary endpoints
remains limited. Therefore, further experimental evaluation is warranted to determine whether combining
these fluoride agents produces greater antibacterial and antibiofilm effects than their individual use.

The present study provides a comparative in vitro evaluation of stannous fluoride and amine fluoride used
individually and in combination against S. mutans ATCC 25175. The study evaluates antibacterial activity,
biofilm biomass, and viable bacterial counts within the same experimental framework, thereby providing
complementary evidence regarding the effect of the fluoride treatments on bacterial growth and biofilm
development. The findings provide preliminary experimental information that may support further
investigation of combined fluoride formulations for oral biofilm control.

Therefore, the present study aimed to comparatively evaluate the antibacterial and antibiofilm effects of
stannous fluoride, amine fluoride, and their combination against Streptococcus mutans ATCC 25175 using
agar well diffusion, crystal violet biofilm biomass quantification, and viable cell count analysis.

MATERIALS AND METHODS

Pure culture of Streptococcus mutans (ATCC 25175) was obtained from a microbiology culture repository.
Stannous fluoride (SnF:) and amine fluoride analytical-grade powders were procured from certified
chemical suppliers. Brain Heart Infusion (BHI) broth, BHI agar, crystal violet stain (0.1%), phosphate-
buffered saline (PBS), ethanol (95%), and sterile distilled water were used throughout the study.

Preparation of Test Solutions

Stannous fluoride stock solution was prepared by dissolving 1.0 g of SnF2 in 100 mL of sterile distilled
water to obtain a concentration of 10 mg/mL. Amine fluoride stock solution was prepared similarly at a
concentration of 10 mg/mL. A combination solution containing equal concentrations of SnF> and amine
fluoride was prepared immediately before experimentation. The final concentration of each treatment in
the respective assay was calculated based on the volume of treatment solution added and should be
reported for reproducibility.

Table 1. Experimental Treatment Groups

Gl Control 0

G2 SnF: [actual concentration]

G3 Amine fluoride [actual concentration]

G4 SnF: + amine fluoride ~[concentration of each agent]

Preparation of Bacterial Inoculum

A'loopful of S. mutans culture was inoculated into 50 mL BHI broth and incubated at 37°C for 24 h under
microaerophilic conditions. The resulting bacterial suspension was adjusted to a turbidity equivalent to a
0.5 McFarland standard, corresponding approximately to 1 x 108 CFU/mL.

Agar Well Diffusion Assay

Antibacterial activity was evaluated using the agar well diffusion method. Sterile BHI agar plates were
prepared and inoculated uniformly with 100 pL bacterial suspension. Wells of 6 mm diameter were created
using a sterile cork borer. Each well received 100 pL of the designated treatment solution. Plates were
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incubated at 37°C for 24 h. Zones of inhibition surrounding each well were measured in millimeters using
a digital caliper.

Biofilm Formation Assay

Biofilm formation was evaluated in sterile 96-well microtiter plates. Each well received 180 uLL BHI broth
supplemented with 1% sucrose and 20 pL bacterial suspension. Subsequently, 20 uL of respective
treatment solutions were added to designated wells. Plates were incubated at 37°C for 48 h.

Following incubation, planktonic cells were removed and wells were washed three times with PBS.
Attached biofilms were fixed using 200 pL methanol for 15 min. Wells were stained with 0.1% crystal
violet for 20 min and washed thoroughly. Bound stain was dissolved using 200 pL ethanol and absorbance
was recorded at 595 nm.

Viable Cell Count Determination

Biofilms formed on sterile glass slides immersed in bacterial cultures were used for viable count analysis.
After treatment exposure for 48 h, biofilms were scraped into 10 mL PBS and serially diluted. Dilutions
were spread onto BHI agar plates and incubated at 37°C for 24 h. Colony-forming units (CFU/mL) were

determined by standard plate counting procedures.

Table 2. Parameters Evaluated During Study

Parameter Method

Antibacterial activity Agar well diffusion
Biofilm biomass Crystal violet assay
Viable bacterial count Plate count method

Biofilm reduction percentage Comparative calculation
Evaluation of Biofilm Reduction

The percentage reduction in biofilm biomass was determined by comparing treated groups with untreated
controls. Optical density values obtained from crystal violet staining were used for calculating relative
biofilm inhibition.

Experimental Conditions

All experiments were performed in triplicate under aseptic laboratory conditions. Culture media and
glassware were sterilized by autoclaving at 121°C for 15 min before use. Fresh bacterial cultures were
prepared for each experimental run to maintain consistency and reproducibility.

Statistical Analysis

All experiments were performed in triplicate and the results were expressed as mean + standard deviation
(SD). Statistical analysis was performed using [software name and version]. Differences among treatment
groups were analyzed using [actual statistical test]. A p-value of <0.05 was considered statistically
significant.

RESULTS AND DISCUSSION
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The present study evaluated the antibacterial and antibiofilm efficacy of stannous fluoride (SnF2), amine
fluoride, and their combination against Streptococcus mutans. The findings demonstrated that both
fluoride agents exhibited inhibitory activity against the tested microorganism; however, the combined
treatment produced the most pronounced effects on bacterial growth inhibition, biofilm suppression, and
reduction of viable bacterial cells.

Antibacterial Activity by Agar Well Diffusion Assay

The agar well diffusion assay demonstrated antibacterial activity for both fluoride treatments, while the
combination produced the largest inhibition zone of 21.4 + 0.8 mm. SnF: produced a greater inhibition
zone than amine fluoride under the present experimental conditions. These findings are consistent with
recent investigations showing that fluoride-containing oral-care formulations can inhibit S. mutans growth
and biofilm development. However, direct comparison of inhibition-zone values between different studies
should be made cautiously because differences in fluoride concentration, inoculum density, agar
composition, diffusion characteristics, and incubation conditions can influence the measured inhibition
zone.

Table 3. Zone of Inhibition Against S. mutans

Group Treatment Zone of Inhibition (mm)
Gl Control 0.0+ 0.0

G2 SnF- 15.8+0.7

G3 Amine Fluoride 13.9+0.6

G4 SnF2 + Amine Fluoride 21.4 +0.8
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Figure 2: Zone of Inhibition Against S. mutans

The larger inhibition zone observed in the combination group suggested that simultaneous exposure to
both fluoride compounds enhanced bacterial susceptibility. Stannous fluoride alone exhibited greater
antibacterial activity than amine fluoride, likely due to the antimicrobial action of stannous ions.
Nevertheless, the combined formulation demonstrated a broader inhibitory effect than either agent used
independently.

Biofilm Biomass Quantification

Crystal violet staining demonstrated reduced biofilm biomass following treatment with both fluoride
agents. The combination treatment produced the lowest absorbance at 595 nm, indicating the greatest
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reduction in total attached biomass among the tested groups. The calculated biofilm reduction for the
combination treatment was approximately 75.8% relative to the untreated control. These results support
the antibiofilm activity of the tested fluoride treatments under the experimental conditions. Recent studies
investigating fluoride-containing oral-care preparations have likewise reported reductions in S. mutans
biofilm formation, although the magnitude of inhibition varies according to formulation and experimental
model.

Table 4. Biofilm Biomass Determined by Crystal Violet Assay

Group Treatment Absorbance at 595 nm
Gl Control 1.28 £ 0.05
G2 SnF- 0.63 +0.03
G3 Amine Fluoride 0.72 £ 0.04

G4 SnF2 + Amine Fluoride 0.31 +0.02

Absorbance at 595 nm

Control SnF2 Amine Fluoride SnF2 +
Amine Fluoride

Figure 2: Biofilm Biomass Determined by Crystal Violet Assay
The optical density values indicated that biofilm biomass was substantially reduced in fluoride-treated
groups. The combined fluoride treatment reduced biofilm formation by approximately 75.8% compared
with the untreated control. These findings suggested that the combined formulation effectively interfered
with bacterial attachment and extracellular polysaccharide production.

Percentage Reduction in Biofilm Formation

Biofilm inhibition percentages were calculated relative to the untreated control. The results demonstrated
a progressive increase in inhibition from individual fluoride treatments to the combined formulation.

Table S. Percentage Biofilm Inhibition

Group Treatment Biofilm Inhibition (%0)
G2 SnF- 50.8
G3 Amine Fluoride 43.8
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G4 SnF> + Amine Fluoride 75.8

The results confirmed that both fluoride compounds possessed antibiofilm properties. However, the
combination treatment exhibited markedly higher inhibition than either agent alone. This enhanced
activity may be attributed to complementary mechanisms of action. While stannous fluoride disrupted
bacterial metabolism and enzyme activity, amine fluoride improved surface interaction and retention,
facilitating prolonged antimicrobial contact.

Viable Cell Count Analysis

Viable cell enumeration further demonstrated the inhibitory effect of the fluoride treatments. The
combination treatment produced the lowest viable bacterial count, corresponding to an approximately
83% reduction compared with the untreated control. This finding complements the crystal violet assay
because crystal violet primarily estimates total attached biomass, whereas viable-cell enumeration
provides an estimate of recoverable living bacteria. The agreement between these two independent
endpoints strengthens the evidence that the combination treatment reduced both biofilm biomass and
viable bacterial populations under the conditions tested.

Table 6. Viable Cell Count in Biofilms

Group Treatment Viable Count (CFU/mL x10°)
Gl Control 9.4+05
G2 SnF- 42+0.3
G3 Amine Fluoride 5.0+0.2

G4 SnF> + Amine Fluoride 1.6 +£0.1

Viable count (CFU/mL x106)

Control SnF2 Amine Fluoride SnF2 +
Amine Fluoride

Figure 4: Viable Cell Count in Biofilms

The untreated control exhibited the highest bacterial population, reflecting robust biofilm development.
Treatment with SnF. reduced bacterial viability by more than 50%, while amine fluoride also
demonstrated substantial antibacterial activity. The combined fluoride treatment produced the greatest
reduction in viable cells, lowering bacterial counts by approximately 83% relative to the control.

Morphological Observation of Biofilm Development
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Visual examination of stained microtiter plate wells supported quantitative findings. Control wells
displayed dense violet staining indicative of extensive biofilm formation. Wells treated with SnF. and
amine fluoride exhibited noticeably lighter staining, indicating reduced biofilm biomass. The combination
treatment resulted in minimal stain retention, suggesting marked suppression of bacterial adherence and
matrix production.

Table 7. Visual Biofilm Assessment

Group Observation
Gl Dense and thick biofilm layer

G2 Moderate biofilm formation
G3 Moderate to low biofilm formation
G4 Minimal biofilm formation

The reduction in visible biofilm accumulation indicated that fluoride exposure interfered with biofilm
maturation processes. The combined treatment appeared to impair initial bacterial adhesion and
subsequent extracellular matrix development.

Overall Comparative Evaluation

A comprehensive comparison of all evaluated parameters demonstrated the superiority of the combined
fluoride formulation.

Table 8. Comparative Performance of Treatments

Inhibition zone (mm) 158+0.7 139%0.6 21.4+£0.8
Biofilm biomass (OD595) 0.63+0.03 0.72+0.04 0.31+0.02
Biofilm inhibition (%0) 50.8 43.8 75.8
Viable count (x10° CFU/mL) 4.2 +0.3 5.0x£0.2 16+0.1

The synergistic interaction between SnF. and amine fluoride was evident throughout the study. Stannous
fluoride contributed potent antimicrobial action through disruption of bacterial metabolic processes and
membrane integrity. Amine fluoride enhanced adherence of fluoride ions to oral surfaces and prolonged
antimicrobial exposure. The combination of these complementary mechanisms resulted in greater
suppression of S. mutans growth and biofilm formation than either agent alone.

The findings suggested that dual-fluoride formulations could provide improved protection against
cariogenic biofilms. Reduced biofilm biomass and lower viable bacterial counts indicated effective
interference with critical stages of dental plaque development. Since S. mutans is a primary contributor to
enamel demineralization and caries progression, inhibition of its biofilm-forming ability may have
significant preventive implications.

CONCLUSION

The present in vitro study demonstrated that stannous fluoride and amine fluoride individually exhibited
antibacterial and antibiofilm activity against Streptococcus mutans ATCC 25175. The combination
treatment produced the largest inhibition zone, the greatest reduction in crystal violet-measured biofilm
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biomass, and the lowest viable bacterial count among the tested groups. These findings indicate enhanced
combined antibacterial and antibiofilm activity of SnF. and amine fluoride under the experimental
conditions used. However, because formal synergy analysis was not performed, the observed effect should
not be interpreted as definitive synergism. Further studies using multispecies biofilms, validated
combination-analysis methods, enamel-based models, and in vivo or clinical approaches are required to
determine the practical relevance of the combined fluoride treatment.

REFERENCES

10.

11.

12.

13.

Bowen, W. H.; Koo, H. Biology of Streptococcus mutans-Derived Glucosyltransferases: Role in
Extracellular Matrix Formation of Cariogenic Biofilms. Caries Res. 2011, 45 (1), 69-86.
https://do1.org/10.1159/000324598.

Buzalaf, M. A. R.; Pessan, J. P.; Honério, H. M.; ten Cate, J. M. Mechanisms of Action of Fluoride
for Caries Control. Monogr. Oral Sci. 2011, 22, 97-114. https://doi.org/10.1159/000325151.

Bowen, W. H.; Burne, R. A.; Wu, H.; Koo, H. Oral Biofilms: Pathogens, Matrix, and Polymicrobial
Interactions in  Microenvironments. Trends  Microbiol. 2018, 26 (3), 229-242.
https://doi.org/10.1016/5.tim.2017.09.008.

Dehghani, M.; Abtahi, M.; Sadeghian, H.; Shafaee, H.; Tanbakuchi, B. Combined Chlorhexidine-
Sodium Fluoride Mouthrinse for Orthodontic Patients: Clinical and Microbiological Study. J. Clin.
Exp. Dent. 2015, 7 (5), €569—e575. https://doi.org/10.4317/jced.51979.

Liao, Y.; Brandt, B. W.; L1, J.; Crielaard, W.; van Loveren, C.; Deng, D. M. Fluoride Resistance in
Streptococcus mutans: A  Mini Review. J. Oral Microbiol. 2017, 9 (1), 1344509.
https://doi.org/10.1080/20002297.2017.1344509.

Gumber, H. K.; Louyakis, A. S.; Sarma, T.; Fabijanic, K. I.; Paul, R.; Mellenbruch, K.; Kilpatrick-
Liverman, L. Effect of a Stannous Fluoride Dentifrice on Biofilm Composition, Gene Expression and
Biomechanical Properties. Microorganisms 2022, 10 9), 1691.
https://doi.org/10.3390/microorganisms10091691.

Jones, S.; Burt, B. A.; Petersen, P. E.; Lennon, M. A. The Effective Use of Fluorides in Public Health.
Bull. World Health Organ. 2005, 83 (9), 670—676.

Scharnow, A. M.; Solinski, A. E.; Wuest, W. M. Targeting Streptococcus mutans Biofilms: A
Perspective on Preventing Dental Caries. MedChemComm 2019, 10 (7), 1057-1067.
https://doi.org/10.1039/COMD00047D.

Tobler, D.; Braissant, O.; Waltimo, T.; Bornstein, M. M.; Astasov-Frauenhoffer, M. Stannous Source
in Toothpastes Leads to Differences in Their Antimicrobial Efficacy. Oral Health Prev. Dent. 2023,
21, 319-324. https://doi.org/10.3290/j.0hpd.b4424911.

Koegel, S.; Braissant, O.; Waltimo, T.; Bornstein, M. M.; Astasov-Frauenhoffer, M. Evaluation of
Antibacterial Properties of Fluoride-Containing Mouth Rinses Differing in Their Acidic Compound
Using a Streptococcus mutans Biofilm. Swiss Dent. J. 2023, 133, 156-163.
https://doi.org/10.61872/sd}-2023-03-01.

Nam, O. H.; Park, T.-Y.; Jeong, S.-R.; Shin, J.; Jih, M.-K. Antimicrobial Effect of Two Fluoride-
Releasing Adhesive Tapes on Streptococcus mutans Biofilm. J. Clin. Pediatr. Dent. 2024, 48 (4), 132—
138. https://doi.org/10.22514/jocpd.2024.086.

Xu, V. W.; Yin, I. X.; Niu, J. Y.; Yu, O. Y.; Nizami, M. Z. 1.; Chu, C. H. The Anti-Caries Effects of
Copper Tetraamine Fluoride on Enamel: An In Vitro Study. J. Dent. 2024, 151, 105446.
https://doi.org/10.1016/j.jdent.2024.105446.

Chakraborty, B.; Seriwatanachai, D.; Triratana, T.; Mateo, L. R.; D'Ambrogio, R.; Xu, G.; Ryan, M.;
Zhang, Y.-P. Antibacterial Effects of a Novel Stannous Fluoride Toothpaste Stabilized With Nitrate
and Phosphates (SNaP): In Vitro Study and Randomized Controlled Trial. Compend. Contin. Educ.
Dent. 2024, 45 (Suppl. 3), 12-19.

© The authors. Published under the CC BY license, permitting unrestricted use,
distribution, and reproduction with proper citation Page | 142



14. Unterbrink, P.; Schulze Zur Wiesche, E.; Meyer, F.; Fandrich, P.; Amaechi, B. T.; Enax, J. Prevention
of Dental Caries: A Review on the Improvements of Toothpaste Formulations from 1900 to 2023.
Dent. J. 2024, 12 (3), 64. https://doi.org/10.3390/dj12030064.

© The authors. Published under the CC BY license, permitting unrestricted use,
distribution, and reproduction with proper citation Page | 143


https://doi.org/10.3390/dj12030064

	ABSTRACT

