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Abstract: Dental caries remains a persistent global oral health challenge, and while fluoride’s anti-caries efficacy is well-
established, achieving precise spatial-temporal control over fluoride ion release represents a critical unmet need. Nano-sized
calcium fluoride (nCaF2) has attracted considerable attention as a fluoride reservoir due to its high fluoride content and favorable
biocompatibility. However, bare nCaF2 particles are plagued by rapid, uncontrolled dissolution in the oral environment. This
mini-review systematically examines recent advances in engineering controlled fluoride release from nCaF2-based systems.
We survey four principal strategies: dense silica barrier coatings, mesoporous silica with molecular gating, polymer-based
encapsulation, and ion-exchange carrier matrices. Particular emphasis is placed on pH-responsive smart delivery, where fluoride
liberation is triggered specifically by the acidic microenvironments associated with cariogenic bacterial activity. Drawing on key
studies from 2015 to 2025, we compare release kinetics, on/off selectivity ratios, and in vitro remineralization efficacy. Current
limitations—including long-term structural integrity under salivary flow, biofilm surface fouling, and regulatory hurdles—are
critically evaluated. We conclude by outlining promising future directions, including enzyme-responsive dual-trigger systems
and theranostic platforms integrating controlled release with lesion imaging.
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1. Introduction

The global burden of dental caries affects roughly 2.5 billion people, yet the fluoride-based prevention strategies we rely
on today were designed around a fundamentally passive paradigm. Fluoride ions catalyze the conversion of hydroxyapatite
[Cal0(PO4)6(OH)2] to the markedly more acid-resistant fluorapatite [Cal0(PO4)6F2] within enamel crystallites !". The
trouble is that the daily acid-attack window triggered by dietary carbohydrate fermentation occupies only 2—3 hours, during
which elevated local fluoride levels are genuinely needed. During the remaining ~20 hours, fluoride is simply cleared by
salivary flow and swallowing, yielding suboptimal dose utilization.

These pharmacokinetic realities have motivated a growing body of materials-chemistry research aimed at decoupling

fluoride delivery from simple passive dissolution. The ideal delivery system would remain dormant at neutral oral pH
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(6.8-7.4)—contributing minimal background fluoride—yet release therapeutic concentrations promptly and reversibly
when the local pH drops below the critical enamel dissolution threshold (~5.5). Nano-calcium fluoride has emerged as a
particularly attractive candidate: its fluoride loading fraction exceeds 48% by weight, far surpassing conventional NaF, and
its dissolution is intrinsically acid-sensitive (Ksp ~ 3.9 x 10-11) . In practice, however, bare nCaF2 particles aggregate
rapidly, dissolve irreproducibly, and lack the selectivity to distinguish between resting and cariogenic pH conditions "’
This review surveys the principal strategies that have been deployed to tame CaF2 dissolution kinetics and to endow
nCaF2 particles with true pH-responsive gating. We focus on core-shell architectures, surface functionalization, and
mesoporous coating designs reported over the past decade. Rather than an exhaustive compilation, we aim to identify

converging design principles and highlight gaps that warrant further investigation.

2. Synthesis of Nano-CakF2

The most widely adopted laboratory route is the reverse microemulsion method, where two water-in-oil microemulsions
containing CaCl2 and NH4F are mixed, and the water nanodroplets (5-20 nm) act as discrete nanoreactors that confine
CaF2 precipitation and limit crystallite growth, with particle size tunable from 8 to 45 nm by adjusting the water-to-
surfactant ratio . What matters most for controlled release is not merely crystallite size but colloidal stability in biological
media—unmodified CaF2 NPs aggregate within minutes in simulated saliva ”'.

3. Surface Engineering Strategies for Controlled Release

The art of controlled fluoride release lies overwhelmingly in the design of the shell, not the core. We classify reported
strategies into four broad categories, recognizing that many successful systems integrate elements of multiple approaches
(Figure 1).
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Figure 1. Schematic illustration of nano-CaF2 fluoride release control strategies. (a) Bare nanoparticles with uncontrolled dissolution; (b)
Dense SiO2 barrier coating reducing diffusion; (c) pH-responsive mesoporous silica shell with intra-channel molecular gating; (d) Key design
principles and performance targets.

3.1. Dense Silica Barrier Coatings

The simplest structural intervention is a continuous SiO2 shell deposited via a modified Stober sol-gel process. TEOS
hydrolysis at the CaF2 surface produces an amorphous silica layer whose thickness—typically 2—20 nm—can be tuned
via precursor concentration . The shell functions as a diffusion barrier: fluoride ions must traverse the silica layer, and
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because the F- diffusion coefficient through amorphous SiO2 is roughly three orders of magnitude lower than in water,
the overall release rate is substantially attenuated . A 5 nm SiO2 coating can reduce 24-hour cumulative fluoride release
by ~60% compared to uncoated CaF2 . The limitation, however, is the inability to distinguish pH conditions: silica

dissolution accelerates only slightly at lower pH, so release rates differ by less than 30% between pH 7.4 and 4.5 ©.

3.2. Mesoporous Silica with Molecular Gating

Mesoporous silica (mSiO2) coatings, templated with CTAB and featuring 2—6 nm cylindrical pores, turn a simple diffusion
barrier into a potentially gateable channel system "*.. The crucial advance is the covalent grafting of pH-responsive
molecular switches onto the interior walls of these mesopores. Tertiary amine-functionalized silanes (pKa 5.5-7.5) are the
most widely adopted: at neutral pH, the amines are deprotonated and adopt a collapsed conformation that occludes the pore
via hydrogen bonding with silanol groups; when the pH drops below the pKa, protonation generates ammonium cations
whose mutual electrostatic repulsion drives the chains into an extended, open conformation "',

What distinguishes recent work from earlier drug delivery approaches is the deliberate placement of gating molecules
along the entire pore interior, rather than exclusively at the pore mouth. This intra-channel gating architecture achieves on/
off ratios exceeding 50:1 (pH 4.5 vs. pH 7.4), compared to typical 5-8:1 for pore-mouth designs "'". The mechanistic basis
is that every grafted molecule contributes to the gating function, converting the entire channel length into an active barrier
rather than relying on a single gatekeeper at each pore entrance (Figure 2).
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Figure 2. Comparative performance analysis of fluoride release systems. (a) Release rates across six systems under neutral (pH 7.4) and acidic
(pH 4.5) conditions; (b) Multi-dimensional radar chart comparing conventional and smart CaF2 delivery systems.

3.3. Polymer-Based Encapsulation

Polyelectrolyte multilayers (PEMs), assembled through layer-by-layer deposition of oppositely charged polymers, offer
tunable thickness and pH-responsive swelling. At acidic pH, protonation of amine groups causes osmotic swelling that
increases permeability to small ions by up to two orders of magnitude "'”. Some pH-sensitive block copolymers achieve
switching windows narrower than 0.5 pH units. The persistent drawback is mechanical fragility: under salivary shear and
mastication, polymer brushes erode gradually, leading to progressive loss of gating function over days to weeks.

3.4. Ion-Exchange and Hybrid Matrices

A conceptually distinct approach embeds nano-CaF2 within secondary materials that modulate fluoride release through
ion-exchange or dissolution mechanisms. Bioactive glass particles, when co-formulated with CaF2, generate a local
alkaline environment that retards fluoride release under resting conditions, while resin-based composites offer another

modality through polymer water sorption .
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4. Release Mechanisms and Performance Metrics

Across the strategies surveyed, three fundamental processes operate in series. The first step — CaF2 core dissolution—
is thermodynamically favored at lower pH, driven by the pH-dependent increase in CaF2 solubility. The second step—
diffusion through the coating—is Fickian and is modulated by the coating thickness, porosity, and hydration state. The
third step—and the distinguishing feature of smart systems—is the pH-dependent switching of transport pathways. The
idealized release profile exhibits a low-rate basal regime at resting pH (diffusion through an occluded coating) and a burst
regime at cariogenic pH (coating becomes structurally permissive) ',

The on/off ratio—the ratio of release rates between acidic and neutral conditions—is the principal figure of merit.
Values below 3 are considered essentially non-switching, 3—10 moderately responsive, and above 50 indicative of highly
effective molecular gating. Another critical parameter is the switching timescale: oral pH transients following sucrose
exposure can be as brief as 15-30 minutes, so any lag between pH drop and coating opening will miss the therapeutic

[s

window "*. Stopped-flow fluorimetry suggests that intra-channel tertiary amine gates respond on the sub-second timescale,

though this favorable kinetics has yet to be validated in vivo.

5. Dental Applications and Translational Challenges

In vitro enamel remineralization studies using pH-cycling protocols consistently show that pH-responsive CaF2 systems
outperform conventional NaF formulations in both the depth and degree of hardness recovery """, The explanation is
straightforward: by concentrating fluoride release into the narrow windows when enamel is most vulnerable, smart systems
achieve higher local fluorapatite supersaturation without increasing the total dose.

Yet hurdles remain. The oral cavity is not a well-stirred beaker; salivary pellicle proteins and multispecies biofilms
create diffusion boundary layers that can slow fluoride arrival at the enamel interface "', Silica nanoparticles become
rapidly protein-coated within minutes of oral exposure, which may blunt pH responsiveness. Regulatory constraints are
equally real: the absolute amount of systemically absorbable fluoride remains a critical safety parameter, particularly in

t [18]

pediatric populations where fluorosis risk is highest " . Moreover, most sophisticated systems are produced in sub-gram

laboratory batches; scalable GMP manufacturing is yet to be demonstrated.

6. Conclusions and Outlook

The past decade has witnessed a clear trajectory in nano-CaF2 research: from simple passive-release fillers to sophisticated,
multi-layer smart delivery systems capable of discriminating pH differences below one unit. On/off ratios exceeding 50:1
have now been demonstrated in vitro—sufficient, in principle, to deliver clinically meaningful fluoride doses exclusively
during cariogenic acid challenges.

Three future directions appear particularly promising. First, the incorporation of orthogonal triggers—such as enzyme-
responsive linkers reacting to bacterial glycosidase activity—could enable lesion-site targeting with greater specificity than
pH alone. Second, theranostic platforms that couple controlled release with fluorescent or spectroscopic readout would
allow clinicians to monitor delivery in real time. Third, rigorous head-to-head in vivo comparisons under standardized
caries models remain conspicuously absent and are urgently needed. If these challenges can be met, smart CaF2 delivery
systems may well redefine fluoride-based caries prevention in the decades ahead.
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