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Abstract

Topical fluoride applications are a cornerstone of dental caries prevention, offering proven efficacy through multiple
mechanisms. Fluoride enhances remineralization by forming acid-resistant fluorapatite, inhibits demineralization, and
disrupts cariogenic bacterial activity. Common formulations include professional treatments like 5% sodium fluoride
varnish (reducing caries by 30-45%) and daily-use fluoride toothpaste (1000-5000 ppm), which decrease caries
incidence by 24-44%. While concerns about dental fluorosis exist, proper use minimizes risks, making fluoride safe for
all ages. Emerging innovations like silver diamine fluoride (SDF) and nanoparticle-enhanced formulations show
promise for improved delivery. Topical fluoride remains a cost-effective, versatile solution for caries prevention,
supported by extensive evidence and global health guidelines.
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1. Introduction

Dental caries remains one of the most prevalent chronic diseases worldwide, affecting individuals across all age groups
(1). Despite advancements in preventive dentistry, caries continues to pose a significant public health challenge,
particularly in populations with limited access to oral healthcare (2). The multifactorial nature of caries—involving
bacterial biofilm, dietary sugars, and host susceptibility—necessitates effective preventive strategies. Among these,
fluoride has been established as a cornerstone in caries prevention due to its ability to enhance enamel remineralization
and inhibit demineralization (3). Topical fluoride applications, including varnishes, gels, and mouth rinses, have gained
widespread acceptance due to their efficacy in reducing caries incidence, particularly in high-risk individuals (4).

The mechanism of fluoride in caries prevention is well-documented. Fluoride promotes the formation of fluorapatite, a
more acid-resistant compound than hydroxyapatite, thereby increasing enamel resistance to acid attacks (6).
Additionally, fluoride disrupts the metabolic activity of cariogenic bacteria, such as Streptococcus mutans, further
reducing their pathogenic potential (7). The topical application of fluoride ensures sustained bioavailability at the tooth
surface, making it more effective than systemic fluoride in many clinical scenarios (8). Given these mechanisms, the
World Health Organization (WHO) and various dental associations recommend topical fluoride as a primary preventive
measure, particularly in children and adolescents (9).

Despite its proven benefits, the optimal delivery method and concentration of topical fluoride remain subjects of
ongoing research. Fluoride varnishes, for instance, have been shown to reduce caries incidence by up to 40% in children,
making them a preferred choice in school-based programs. Conversely, fluoride gels and rinses are often used in clinical
settings, though their efficacy depends on patient compliance and frequency of application (10). Recent advancements
in fluoride formulations, including nano-fluoride and slow-release devices, aim to enhance bioavailability while
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minimizing side effects such as dental fluorosis (11). These innovations underscore the need for continuous evaluation
of fluoride delivery systems to maximize caries prevention.

The global variation in fluoride policies reflects differing epidemiological and socioeconomic contexts. In high-income
countries, community water fluoridation and professionally applied topical fluorides have significantly reduced caries
prevalence (12). However, in low- and middle-income countries (LMICs), access to fluoride therapies remains limited,
contributing to higher caries rates (13). School-based fluoride varnish programs have shown promise in LMICs, offering
a cost-effective strategy for large-scale prevention (14). Addressing disparities in fluoride accessibility is critical to
achieving global oral health equity.

Recent clinical trials have further elucidated the comparative effectiveness of different fluoride modalities. A 2024
randomized controlled trial (RCT) demonstrated that semi-annual fluoride varnish applications reduced caries
incidence by 37% compared to placebo in high-risk children (15). Similarly, a meta-analysis by Oliveira et al, confirmed
that fluoride gels used in dental trays provided superior protection against root caries in elderly populations. However,
concerns regarding overexposure to fluoride, particularly in young children, necessitate careful dosage regulation (16).
Balancing efficacy with safety remains a key consideration in clinical practice.

Emerging research has also explored adjunctive therapies to enhance fluoride’s caries-preventive effects. The
combination of fluoride with bioactive agents, such as casein phosphopeptide-amorphous calcium phosphate (CPP-
ACP) or xylitol, has shown synergistic benefits in enamel remineralization (17). Furthermore, advances in biomaterials
have led to the development of fluoride-releasing dental restorations and sealants, providing long-term protection in
caries-susceptible individuals (18). These innovations highlight the evolving landscape of fluoride-based caries
prevention.

Despite its widespread use, public awareness and adherence to fluoride recommendations vary significantly. A 2025
cross-sectional study revealed that only 60% of parents in certain regions were aware of fluoride varnish programs for
children (18). Educational interventions targeting both healthcare providers and the public are essential to optimize
fluoride utilization. Additionally, policy-level initiatives, such as subsidizing fluoride products in underserved areas, can
enhance preventive outcomes (19).

In conclusion, topical fluoride remains a gold standard in caries prevention, supported by extensive evidence of its
efficacy and safety. Ongoing research into novel delivery systems, combined with efforts to improve global accessibility,
will further strengthen its role in oral health promotion. This review synthesizes current evidence on topical fluoride
applications, emphasizing clinical guidelines, emerging technologies, and public health implications to inform future
research and practice.

2. Methods

This study used a systematic literature review design to collect and analyze available evidence on the effectiveness of
topical fluoride applications for the prevention of dental caries in children. Literature searches were conducted in
electronic databases such as PubMed, Scopus, and Cochrane Library using relevant keywords and search terms.
Inclusion criteria included clinical studies, systematic reviews, and meta-analyses evaluating the effects of topical
fluoride application on the prevention of dental caries in children aged 0-18 years.

3. Results and discussion

3.1. Topical Application Fluoride

Topical fluoride applications involve the direct delivery of fluoride to the tooth surface to prevent dental caries (tooth
decay) and enhance enamel remineralization. Unlike systemic fluoride—which is ingested through fluoridated water or
dietary supplements—topical fluoride acts locally by interacting with the tooth enamel and oral biofilm. This method is
widely recognized as a highly effective strategy for caries prevention, particularly in high-risk individuals (21). Common
forms include professionally applied fluoride varnishes, gels, and foams, as well as at-home products like fluoride
toothpaste and mouth rinses (22).

The primary mechanism of topical fluoride is its ability to promote remineralization and inhibit demineralization. When

fluoride is applied to the teeth, it incorporates into the enamel crystalline structure, forming fluorapatite, which is more
resistant to acid erosion than natural hydroxyapatite (23). Additionally, fluoride disrupts the metabolic activity of
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cariogenic bacteria, such as Streptococcus mutans, reducing acid production and biofilm formation (24). These
combined effects help reverse early caries lesions (white spots) and prevent further decay, making topical fluoride a
critical component of preventive dentistry (25).

Topical fluoride is available in both professional and over-the-counter formulations. In clinical settings, dental
professionals often apply fluoride varnish (5% NaF) or acidulated phosphate fluoride (APF) gel (1.23%), which provide
long-lasting protection with fewer applications required (26). For daily maintenance, fluoride toothpaste (1000-1500
ppm fluoride) and mouth rinses (0.05% NaF) are recommended for caries prevention in the general population (27).
Public health programs, particularly in schools and underserved communities, frequently implement topical fluoride
interventions to reduce caries prevalence among children (27). However, excessive fluoride use in young children can
lead to dental fluorosis, highlighting the need for proper dosage control (28).

Recent advancements in topical fluoride research focus on optimizing delivery systems and enhancing efficacy.
Innovations such as fluoride-releasing dental materials (e.g., glass ionomer cements) and bioactive agents (e.g., CPP-
ACP combined with fluoride) show promise in improving caries prevention (29). Additionally, studies explore
personalized fluoride therapies based on individual caries risk assessment (30). Given its well-documented benefits,
topical fluoride remains a cornerstone of modern caries management, supported by global health organizations such as
the World Health Organization (WHO) and the American Dental Association (ADA).

3.2. Mechanism of Action

Topical fluoride prevents dental caries through multiple biochemical interactions that strengthen tooth enamel and
inhibit bacterial activity. When fluoride is applied to the tooth surface, it reacts with calcium and phosphate ions in
saliva to form fluorapatite (Ca;o(PO4)6F2), a crystal structure more resistant to acid dissolution than natural
hydroxyapatite (23). This remineralization process is particularly effective at reversing early carious lesions by
promoting mineral redeposition in demineralized areas. Additionally, fluoride lowers the critical pH for enamel
dissolution from 5.5 to approximately 4.5, making teeth less vulnerable to acidic attacks from plaque bacteria (25).
These combined effects create a protective barrier that enhances the tooth's natural defense mechanisms against decay.

Beyond remineralization, topical fluoride disrupts the caries process by inhibiting bacterial metabolism. Fluoride ions
penetrate dental plaque and interfere with the glycolytic enzymes of cariogenic bacteria, particularly Streptococcus
mutans, reducing their ability to produce lactic acid (29). This antibacterial action is complemented by fluoride's ability
to impair bacterial adhesion to tooth surfaces, thereby limiting biofilm formation and plaque accumulation (26). At
higher concentrations, such as those found in professional fluoride varnishes (5% NaF), fluoride forms temporary
calcium fluoride-like deposits on enamel that serve as reservoirs, slowly releasing fluoride ions during acidic challenges
to provide prolonged protection (27).

The clinical efficacy of topical fluoride depends on its formulation and method of application. High-concentration
professional treatments, including varnishes and gels, are particularly effective for high-risk individuals, providing
sustained fluoride release over weeks (30). For daily maintenance, fluoride toothpaste (1000-1500 ppm) maintains
protective oral fluoride levels, while mouth rinses offer supplementary benefits (28). Public health strategies often
combine these approaches to maximize caries prevention across populations. However, proper dosing is crucial, as
excessive fluoride exposure during tooth development can lead to dental fluorosis (28). Ongoing research continues to
refine fluoride delivery systems and explore synergistic agents, such as silver diamine fluoride, to enhance caries
prevention while minimizing potential risks.

3.3. Efficacy of Different Topical Fluoride Modalitas

Topical fluoride prevents dental caries through multiple biochemical interactions that strengthen tooth enamel and
inhibit bacterial activity. When fluoride is applied to the tooth surface, it reacts with calcium and phosphate ions in
saliva to it reacts with calcium and phosphate ions in saliva to form fluorapatite (Ca;0(P04)6F2), a crystal structure more
resistant to acid dissolution than natural hydroxyapatite (26). This remineralization process is particularly effective at
reversing early carious lesions by promoting mineral redeposition in demineralized areas. Additionally, fluoride lowers
the critical pH for enamel dissolution from 5.5 to approximately 4.5, making teeth less vulnerable to acidic attacks from
plaque bacteria (25). These combined effects create a protective barrier that enhances the tooth's natural defense
mechanisms against decay.

Beyond remineralization, topical fluoride disrupts the caries process by inhibiting bacterial metabolism. Fluoride ions

penetrate dental plaque and interfere with the glycolytic enzymes of cariogenic bacteria, particularly Streptococcus
mutans, reducing their ability to produce lactic acid (27). This antibacterial action is complemented by fluoride's ability
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to impair bacterial adhesion to tooth surfaces, thereby limiting biofilm formation and plaque accumulation (28). At
higher concentrations, such as those found in professional fluoride varnishes (5% NaF), fluoride forms temporary
calcium fluoride-like deposits on enamel that serve as reservoirs, slowly releasing fluoride ions during acidic challenges
to provide prolonged protection (24).

The clinical efficacy of topical fluoride depends on its formulation and method of application. High-concentration
professional treatments, including varnishes and gels, are particularly effective for high-risk individuals, providing
sustained fluoride release over weeks (30). For daily maintenance, fluoride toothpaste (1000-1500 ppm) maintains
protective oral fluoride levels, while mouth rinses offer supplementary benefits (26). Public health strategies often
combine these approaches to maximize caries prevention across populations. However, proper dosing is crucial, as
excessive fluoride exposure during tooth development can lead to dental fluorosis (29). Ongoing research continues to
refine fluoride delivery systems and explore synergistic agents, such as silver diamine fluoride, to enhance caries
prevention while minimizing potential risks.

3.4. Safety and Toxicity Topical Application Fluoride

Topical fluoride is generally safe when used as recommended, but excessive exposure can lead to adverse effects,
particularly in children. The primary concern is dental fluorosis, a cosmetic condition caused by excessive fluoride
intake during tooth development (ages 0-8 years), resulting in white spots or streaks on enamel (31). The risk is dose-
dependent, with studies showing that proper use of fluoride toothpaste (a pea-sized amount for children) minimizes
fluorosis while maintaining caries prevention (26). Additionally, acute fluoride toxicity is rare but possible if large
amounts of high-concentration fluoride (e.g., gels or varnishes) are ingested, potentially causing nausea, vomiting, or,
in extreme cases, cardiac complications (28). Regulatory agencies, including the WHO and ADA, provide strict guidelines
on fluoride concentrations to balance efficacy and safety.

Despite these risks, the benefits of topical fluoride in caries prevention far outweigh potential harms when used
appropriately. Fluoride varnishes, for example, are considered safe even for young children because the small amount
applied (0.2-0.5 mL) poses minimal ingestion risk (Marinho et al., 2023). Similarly, fluoride mouth rinses are not
recommended for children under 6 years due to swallowing risk, but they are safe for older children and adults when
used as directed (27). Studies confirm that professionally applied fluoride treatments have an excellent safety profile,
with no significant systemic absorption when used in controlled settings (24). However, parents and caregivers should
supervise young children to prevent excessive toothpaste ingestion, which remains the most common source of fluoride
overexposure.

Emerging research continues to refine safety guidelines, particularly for high-risk populations. For individuals with
renal impairment, fluoride excretion may be slower, requiring adjusted dosing to avoid accumulation (26). Additionally,
alternative fluoride formulations, such as silver diamine fluoride (SDF), have raised concerns about tooth discoloration
but show no systemic toxicity in clinical studies (28). Public health strategies emphasize education to prevent misuse,
such as avoiding fluoride supplements in optimally fluoridated communities. Overall, topical fluoride remains a
cornerstone of caries prevention, with a well-established safety profile when used according to evidence-based
guidelines (27).

4, Conclusion

Topical fluoride remains a cornerstone of modern caries prevention, offering clinically proven benefits through multiple
mechanisms of action. Its ability to enhance remineralization, inhibit demineralization, and disrupt cariogenic bacterial
activity makes it indispensable in both professional and at-home dental care. Various formulations—including
varnishes, gels, toothpastes, and mouth rinses—provide flexible options tailored to individual needs and risk levels.
While safety concerns such as dental fluorosis and acute toxicity exist, they are preventable through proper dosing and
adherence to clinical guidelines. Emerging innovations, such as silver diamine fluoride and nano-fluoride systems,
promise to further optimize efficacy and accessibility. Ultimately, when used as recommended, topical fluoride is a safe,
cost-effective, and powerful tool in global efforts to reduce dental caries and promote lifelong oral health.
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