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ABSTRACT
Background: Dentin hypersensitivity (DH) is one of the most prevalent and clinically challenging dental conditions, characterized by a short, sharp pain arising from exposed dentinal tubules in response to thermal, evaporative, tactile, osmotic, or chemical stimuli. Conventional therapeutic approaches, including potassium nitrate-based formulations and dentin bonding agents, offer only partial and transient relief. Fluoro calcium phosphosilicate (FCPS), a novel class of bioactive glass ceramic, has emerged as a promising desensitizing agent due to its capacity for rapid tubular occlusion and hydroxyapatite crystallization. The integration of FCPS into a mucoadhesive oral gel platform represents a rational strategy to optimize therapeutic contact time, improve patient compliance, and provide sustained desensitization.
Objectives: This study aimed to formulate, optimize, and comprehensively evaluate FCPS-loaded mucoadhesive oral gels for the management of dentin hypersensitivity, with emphasis on physicochemical characterization, biocompatibility, dentinal tubule occlusion efficacy, and in vitro sustained release.
Methods: FCPS nanoparticles were synthesized via a modified sol-gel process and characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and dynamic light scattering (DLS). Mucoadhesive gels were formulated using carbopol 934P, hydroxypropyl methylcellulose (HPMC K4M), and sodium carboxymethyl cellulose (NaCMC) as bioadhesive polymers through a central composite design (CCD) optimization approach. Formulations were evaluated for pH, viscosity, spreadability, mucoadhesive strength, drug content uniformity, in vitro fluoride ion release, and dentinal tubule occlusion via SEM-EDX analysis. Biocompatibility was assessed using MTT assay on L929 fibroblast cell lines. An accelerated stability study was conducted per ICH Q1A(R2) guidelines.
Results: Synthesized FCPS demonstrated a mean particle size of 198.4 ± 12.3 nm with a polydispersity index (PDI) of 0.187 ± 0.02 and a zeta potential of −28.6 ± 1.8 mV, indicating colloidal stability. FTIR and XRD analyses confirmed successful incorporation of fluoride into the calcium phosphosilicate lattice. The optimized gel formulation (F6) exhibited pH 6.85 ± 0.12, viscosity of 48,250 ± 820 cP, spreadability of 6.21 ± 0.34 cm, mucoadhesive strength of 38.46 ± 1.62 g, and FCPS content of 99.4 ± 0.8%. In vitro fluoride release followed Korsmeyer-Peppas kinetics (n = 0.74, R² = 0.9912), indicating anomalous (non-Fickian) diffusion-controlled release with 87.6% cumulative release at 8 hours. SEM-EDX analysis demonstrated complete occlusion of dentinal tubules within 5 minutes of gel application. MTT assay confirmed excellent cytocompatibility with cell viability >96% at all tested concentrations. Stability studies showed no significant changes in physicochemical parameters under accelerated conditions for 6 months.
Conclusion: The developed FCPS-loaded mucoadhesive oral gel represents a scientifically robust, biocompatible, and clinically applicable formulation for the effective management of dentin hypersensitivity. The combination of rapid tubular occlusion, sustained fluoride release, and superior mucoadhesive properties positions this formulation as a promising candidate for clinical translation.
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1. Introduction
Dentin hypersensitivity (DH) is defined by the International Association for the Study of Pain (IASP) as a short, sharp pain arising from exposed dentin in response to stimuli—thermal, evaporative, tactile, osmotic, or chemical—that cannot be ascribed to any other form of dental pathology. With a global prevalence ranging from 8% to 57% in adult populations and a growing incidence in younger demographics, DH constitutes a significant public oral health challenge with substantial implications for quality of life and dental healthcare utilization.
The hydrodynamic theory, proposed by Brännström (1963) and subsequently refined through decades of clinical and laboratory research, remains the most widely accepted mechanistic framework for understanding DH. According to this theory, dentinal fluid movement through open dentinal tubules generates pressure changes that activate mechanoreceptive A-δ nerve fibers at the pulp-dentin junction, producing the characteristic sharp, localized pain. Dentinal tubule diameter, fluid conductance, and tubule patency are the primary determinants of DH severity. Open tubular orifices—resulting from enamel erosion, periodontal disease, gingival recession, improper tooth-brushing technique, or dietary acid exposure—serve as the principal anatomical prerequisite for pain generation.
Current therapeutic strategies for DH management are broadly categorized into two mechanistic approaches: (i) neural depolarization, achieved through potassium ion-containing formulations that render nerve endings refractory to stimulation, and (ii) physical tubular occlusion, accomplished through precipitation of mineral deposits or application of adhesive resins within tubular lumina. Agents commonly employed include potassium nitrate, stannous fluoride, strontium chloride, oxalic acid derivatives, casein phosphopeptide-amorphous calcium phosphate (CPP-ACP), and various dentin bonding systems. While these agents provide clinical benefit, their efficacy is frequently limited by incomplete or non-durable tubular occlusion, susceptibility to acid dissolution, inadequate retention at the tooth surface, and inability to promote dentinal remineralization.
Bioactive glasses, originally developed by Hench and colleagues in the early 1970s, have transformed the landscape of regenerative dentistry and DH management. These silicate-based materials undergo predictable surface reactions in aqueous physiological environments, forming hydroxyapatite (HAp) crystallites that possess the chemical composition and crystallographic structure of biological mineral. The incorporation of fluoride into the calcium phosphosilicate (CPS) framework produces fluoro calcium phosphosilicate (FCPS), a second-generation bioactive glass with enhanced bioactivity. Fluoride ions released from FCPS participate in the formation of fluorapatite (FAp), a mineral phase thermodynamically more stable and acid-resistant than stoichiometric hydroxyapatite, thereby providing superior and more durable tubular occlusion. Furthermore, fluoride demonstrates antimicrobial activity against acidogenic and aciduric bacteria—most notably Streptococcus mutans—contributing to caries prevention at the site of DH.
Despite the demonstrable superiority of FCPS over conventional desensitizing agents, its clinical application faces notable challenges. Powdered or slurry FCPS formulations exhibit poor retention at the tooth surface, unpredictable bioavailability, patient discomfort, and inadequate contact time for complete biomineralization. The development of a mucoadhesive oral gel delivery platform for FCPS addresses these limitations by providing intimate and prolonged contact between the active material and the tooth surface, controlled and sustained release of bioactive ions, ease of application, patient acceptability, and protection of FCPS from salivary dilution and mechanical clearance.
Mucoadhesive drug delivery systems exploit specific interactions—hydrogen bonding, electrostatic attraction, physical chain entanglement, and receptor-mediated adhesion—between bioadhesive polymers and the mucin glycoprotein network of oral mucosal surfaces and the acquired pellicle of tooth surfaces. Carbopol 934P, HPMC K4M, and sodium carboxymethyl cellulose (NaCMC) are well-established pharmaceutical grade bioadhesive polymers with excellent safety profiles, GRAS (generally recognized as safe) status, and proven mucoadhesive performance in the oral environment. Their combination in a rationally designed formulation matrix offers synergistic opportunities for optimizing viscosity, gel strength, bioadhesion, and drug release kinetics.
The application of Quality by Design (QbD) principles, including central composite design (CCD)-based response surface methodology, enables systematic formulation optimization by quantifying the influence of critical formulation variables on predefined quality target product profiles (QTPPs). This approach not only accelerates formulation development but also provides mechanistic insight into polymer-drug interactions and structure-property relationships relevant to clinical performance.
The present investigation reports the comprehensive design, formulation, physicochemical characterization, in vitro evaluation, biocompatibility assessment, and stability profiling of FCPS-loaded mucoadhesive oral gels for the management of dentin hypersensitivity, with the objective of providing a clinically translatable, scientifically justified alternative to existing therapeutic modalities.

2. Materials and Methods
2.1 Materials
Tetraethyl orthosilicate (TEOS, ≥99%), calcium nitrate tetrahydrate (Ca(NO₃)₂·4H₂O, ≥99%), triethyl phosphate (TEP, ≥99.8%), sodium fluoride (NaF, ≥99%), and ammonia solution (28-30%) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as synthesis-grade reagents. Carbopol 934P (Lubrizol Advanced Materials, USA), hydroxypropyl methylcellulose K4M (HPMC K4M; Colorcon Asia Pvt. Ltd., India), and sodium carboxymethyl cellulose (NaCMC; Ashland Inc., USA) were used as pharmaceutical excipients. Triethanolamine (TEA), propylene glycol, glycerin, methylparaben, propylparaben, and purified water were obtained from SD Fine Chemicals Ltd., Mumbai, India. All reagents were of analytical or pharmaceutical grade.
2.2 Synthesis of Fluoro Calcium Phosphosilicate (FCPS) Nanoparticles
FCPS nanoparticles were synthesized by a modified sol-gel process based on the methodology of Bhakta et al. (2014) with optimization of fluoride incorporation protocol. In brief, TEOS was pre-hydrolyzed in an acidic aqueous environment (HCl, pH 2.0) under continuous stirring at 60°C for 1 hour. Stoichiometric quantities of calcium nitrate tetrahydrate and triethyl phosphate were then sequentially introduced into the hydrolyzed TEOS solution, maintaining a molar ratio of Si:Ca:P of 80:15:5 (mol%). Sodium fluoride was dissolved in deionized water and added dropwise to achieve a target fluoride concentration of 5 mol% within the glass network. The pH of the reaction mixture was adjusted to 11.0 using dilute ammonia solution to initiate condensation and gelation. The resulting wet gel was aged at 70°C for 72 hours, dried at 120°C for 24 hours, and subsequently sintered at 700°C for 3 hours in a muffle furnace (Model TMF-3, Thermo Scientific) under atmospheric conditions. The sintered product was mechanically milled in a planetary ball mill (Fritsch Pulverisette 7) at 500 rpm for 4 hours, followed by wet sieving through a 100-mesh sieve, and further processed by probe sonication (Qsonica Q700, 20 kHz, 70% amplitude, 30 minutes) to achieve the target nanometric size range. The resulting FCPS nanoparticle suspension was centrifugally washed (12,000 × g, 15 min, repeated 3×) with deionized water to remove residual precursors, lyophilized, and stored in a desiccator at 25°C pending further use.
2.3 Physicochemical Characterization of FCPS Nanoparticles
2.3.1 Particle Size, Polydispersity Index, and Zeta Potential
Hydrodynamic particle size, polydispersity index (PDI), and zeta potential of FCPS nanoparticles were determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) using a Malvern Zetasizer Nano ZS (Malvern Panalytical, UK) at 25°C. Samples were dispersed in deionized water at a concentration of 0.1 mg/mL, sonicated briefly, and measurements performed in triplicate.
2.3.2 X-Ray Diffraction (XRD) Analysis
Crystallographic characterization of FCPS nanoparticles was performed using an X-ray diffractometer (PANalytical X'Pert PRO, Netherlands) with Cu-Kα radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. Diffractograms were recorded over a 2θ range of 10-80° at a scanning rate of 2°/min. Phase identification was performed using the ICDD PDF-2 database, and mean crystallite size was calculated by the Debye-Scherrer equation.
2.3.3 Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR spectra of FCPS nanoparticles, raw carbopol 934P, HPMC K4M, NaCMC, and the optimized gel formulation were recorded using a Shimadzu IRTracer-100 spectrometer (Shimadzu Corporation, Japan) in the attenuated total reflectance (ATR) mode. Spectra were acquired over a wavenumber range of 400-4000 cm⁻¹ with a resolution of 4 cm⁻¹ and 32 accumulated scans.
2.3.4 Scanning Electron Microscopy and EDX Analysis
Surface morphology of FCPS nanoparticles and the gel matrix were examined by scanning electron microscopy (JEOL JSM-7610F Field Emission SEM, Japan). Samples were sputter-coated with a thin gold-palladium layer (15 nm) under argon atmosphere prior to imaging. EDX analysis was performed simultaneously to determine elemental composition and confirm stoichiometric incorporation of fluoride, calcium, phosphorus, and silicon within the nanoparticle matrix.
2.4 Formulation of FCPS-Loaded Mucoadhesive Oral Gel
A central composite design (CCD) with two independent variables—carbopol 934P concentration (X₁: 0.5-2.0% w/w) and HPMC K4M concentration (X₂: 0.5-2.5% w/w)—was employed using Design-Expert® software (Version 13.0, Stat-Ease Inc., USA). The dependent variables (responses) were mucoadhesive strength (Y₁), viscosity at 37°C (Y₂), and percent cumulative FCPS release at 8 hours (Y₃). Nine formulations (F1-F9) were prepared based on the CCD matrix with three center points. The gel base was prepared by dispersing carbopol 934P in purified water with continuous stirring, followed by controlled addition of HPMC K4M and NaCMC (1.0% w/w, constant across all formulations). FCPS nanoparticles (5% w/w) were incorporated into the gel base under homogenization at 1000 rpm for 30 minutes using a high-shear homogenizer (IKA T25, Germany). Propylene glycol (10% w/w) served as a humectant, methylparaben (0.18% w/w) and propylparaben (0.02% w/w) as preservatives, and the pH was adjusted to 6.8 ± 0.2 using triethanolamine. The composition of all formulations is detailed in Table 1.
2.5 Evaluation of FCPS-Loaded Mucoadhesive Oral Gel
2.5.1 Physical Appearance, pH, and Homogeneity
All formulations were evaluated for visual appearance, color, clarity, grittiness, and phase separation. Gel pH was measured using a calibrated digital pH meter (Mettler-Toledo FiveEasy, USA) by direct immersion of the electrode into 5 g of gel diluted with 20 mL purified water. Homogeneity was assessed by smearing a small quantity of gel between thumb and forefinger and examining for lumpiness or graininess.
2.5.2 Viscosity and Rheological Behavior
Viscosity of gel formulations was determined using a Brookfield RV viscometer (Brookfield Engineering, USA) fitted with spindle No. 7, at 37°C and 20 rpm. Rheological behavior was characterized by measuring apparent viscosity across a shear rate range of 0.1-100 s⁻¹ using a cone-plate geometry rheometer (Anton Paar MCR 302, Austria) at 37°C.
2.5.3 Spreadability
Spreadability was determined using the parallel-plate method. A defined quantity of gel (2 g) was placed between two glass plates (20 × 20 cm) and subjected to a standard weight of 200 g for 5 minutes at ambient temperature. The diameter of the resulting gel spread was measured using a digital vernier caliper and expressed in centimeters.
2.5.4 Mucoadhesive Strength
Mucoadhesive strength was evaluated using a modified texture analyzer (TA.XT Plus, Stable Micro Systems, UK) with two freshly excised porcine buccal mucosal tissue specimens, freshly prepared within 2 hours of slaughter. One mucosal specimen was secured on the upper probe and a second on the lower platform. A defined quantity of gel (0.5 g) was applied between the two mucosal surfaces, maintained in contact at 37°C for 5 minutes under a preload force of 1 N, and then separated at a constant withdrawal rate of 1 mm/s. The maximum detachment force (g) was recorded as the mucoadhesive strength.
2.5.5 In Vitro Fluoride Ion Release
In vitro fluoride release from FCPS-loaded gel formulations was evaluated using modified Franz diffusion cells (PermeGear Inc., USA) with cellulose acetate dialysis membrane (MWCO 12,000-14,000 Da) as a semi-permeable membrane. The receptor compartment was filled with phosphate-buffered saline (PBS, pH 6.8, 37°C, 500 mL) under continuous magnetic stirring at 100 rpm. Aliquots (2 mL) were withdrawn at predetermined time intervals (0.5, 1, 2, 3, 4, 5, 6, 7, 8 hours) and analyzed for fluoride ion concentration using a fluoride ion-selective electrode (Thermo Scientific Orion, USA). Withdrawn aliquots were replaced with equal volumes of fresh buffer.
2.5.6 Dentinal Tubule Occlusion Study
Dentinal tubule occlusion efficacy was evaluated using extracted human third molars (Ethics approval: IEC/JSS/2024/12; written patient consent obtained). Teeth were sectioned perpendicular to the long axis, ground, and polished to expose dentin. Specimens were acid-etched with 0.5% citric acid for 2 minutes, rinsed, and air-dried. Gel formulations were applied to the exposed dentin discs for 5 and 30 minutes. Following incubation, specimens were gently rinsed, mounted, sputter-coated, and examined by SEM (JEOL JSM-7610F) at 1000× and 5000× magnification. EDX spectral mapping was performed to confirm mineral deposition within tubular orifices.
2.5.7 MTT Cytotoxicity Assay
Biocompatibility of FCPS nanoparticles and the optimized gel formulation was assessed in vitro using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay on L929 mouse fibroblast cell lines (NCCS, Pune, India). Cells were seeded at a density of 1 × 10⁴ cells/well in 96-well plates and maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C, 5% CO₂ for 24 hours. Test samples were prepared as serial dilutions (0.1, 0.5, 1.0, 2.5, 5.0, 10.0 mg/mL) in culture medium. After 24 and 48 hours of incubation, MTT solution (5 mg/mL, 20 μL/well) was added, incubated for 4 hours, and formazan crystals dissolved in DMSO. Optical density was measured at 570 nm using a microplate reader (BioTek Synergy HTX, USA). Cell viability was calculated relative to untreated control cells.
2.5.8 Stability Studies
Accelerated stability studies were conducted in accordance with ICH Q1A(R2) guidelines. Samples of the optimized formulation were stored in sealed aluminum tubes at 40°C ± 2°C / 75% RH ± 5% RH and 25°C ± 2°C / 60% RH ± 5% RH for 6 months. Samples were withdrawn at 0, 1, 2, 3, and 6 months and evaluated for pH, viscosity, appearance, drug content, and mucoadhesive strength.
2.5.9 Statistical Analysis
All experiments were performed in triplicate (n = 3) unless otherwise specified. Data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey's post hoc test using GraphPad Prism 10.0 (GraphPad Software, USA). Differences were considered statistically significant at p < 0.05. Correlation coefficients (R²) were calculated by linear regression analysis.

Table 1. Composition of FCPS-Loaded Mucoadhesive Oral Gel Formulations (per 100 g)
	Ingredient (% w/w)
	F1
	F2
	F3
	F4
	F5
	F6
	F7
	F8
	F9

	FCPS (nm)
	5
	5
	5
	5
	5
	5
	5
	5
	5

	Carbopol 934P
	0.5
	2.0
	0.5
	2.0
	1.25
	1.25
	1.25
	1.25
	1.25

	HPMC K4M
	0.5
	0.5
	2.5
	2.5
	1.5
	1.5
	1.5
	0.14
	2.86

	NaCMC
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0
	1.0

	Propylene Glycol
	10
	10
	10
	10
	10
	10
	10
	10
	10

	Methylparaben
	0.18
	0.18
	0.18
	0.18
	0.18
	0.18
	0.18
	0.18
	0.18

	Propylparaben
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02

	TEA (pH adj.)
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.

	Purified Water
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.
	q.s.



3. Results
3.1 Characterization of FCPS Nanoparticles
3.1.1 Particle Size, PDI, and Zeta Potential
DLS analysis revealed a mean hydrodynamic diameter of 198.4 ± 12.3 nm for FCPS nanoparticles, confirming successful nanosizing within the target range of 100-250 nm (Table 2). The polydispersity index of 0.187 ± 0.02 indicated a reasonably narrow size distribution, confirming monodisperse colloidal characteristics suitable for uniform incorporation into the gel matrix. The zeta potential of −28.6 ± 1.8 mV demonstrated adequate electrostatic repulsion between nanoparticles, ensuring colloidal stability and resistance to aggregation during storage. Nanoparticles with absolute zeta potential values exceeding 25 mV are conventionally considered electrostatically stable, and the measured value supports the suitability of the synthesized FCPS for incorporation into the gel vehicle.
3.1.2 XRD Analysis
The X-ray diffractogram of as-synthesized FCPS nanoparticles exhibited characteristic broad reflections centered at 2θ ≈ 26°, 32°, and 46°, consistent with an amorphous-to-nanocrystalline calcium phosphate phase overlapping with the silicate framework. Following sintering at 700°C, sharper diffraction peaks emerged at 2θ = 25.9°, 31.8°, 32.9°, 34.1°, 39.8°, and 46.7°, assignable to the (002), (211), (112), (202), (310), and (213) planes of hydroxyapatite (JCPDS Card No. 09-0432) with fluorapatite character. The mean crystallite size, calculated by the Debye-Scherrer equation (K = 0.94, λ = 1.5406 Å) from the (211) reflection, was 23.8 ± 2.1 nm. The absence of discrete crystalline phases for CaO, SiO₂, or NaF confirmed successful homogeneous incorporation of all components into a single-phase glass-ceramic network.
3.1.3 FTIR Spectral Analysis
FTIR analysis of FCPS nanoparticles revealed characteristic absorption bands at 1092, 1048, and 463 cm⁻¹ attributed to Si-O-Si asymmetric stretching, Si-O-Si bending, and Si-O rocking modes, respectively, confirming the silicate network. Bands at 1028 and 603 cm⁻¹ corresponded to P-O stretching vibrations of the phosphate group, while the Ca-O stretching vibration was identified at 726 cm⁻¹. The characteristic Ca-F stretching vibration was observed at 748 cm⁻¹, confirming successful fluoride incorporation. O-H stretching at 3450 cm⁻¹ and bending at 1636 cm⁻¹ were attributed to surface-adsorbed water. In the optimized gel formulation, characteristic carbopol C=O stretching at 1735 cm⁻¹, HPMC C-O-C stretching at 1056 cm⁻¹, and NaCMC O-H bending at 1413 cm⁻¹ were preserved without significant peak shifts, confirming the absence of chemical incompatibility between FCPS and the excipients.
3.1.4 SEM and EDX Analysis of FCPS
SEM micrographs revealed FCPS nanoparticles with irregular polygonal morphology and relatively smooth surfaces, with primary particle diameters predominantly in the 150-220 nm range, consistent with DLS measurements. Limited aggregation was observed in the dried state, attributable to surface energy effects during lyophilization. EDX spectral analysis confirmed the elemental composition: silicon (Si), calcium (Ca), phosphorus (P), oxygen (O), fluorine (F), and trace sodium (Na), with atomic percentage ratios closely approximating the target stoichiometry. Fluorine signal at 0.677 keV confirmed successful fluoride incorporation at 4.87 ± 0.23 mol%, which was within the target specification of 5.0 ± 0.5 mol%.
3.2 Evaluation of Gel Formulations
3.2.1 Physical Appearance, pH, and Homogeneity
All nine formulations (F1-F9) exhibited a white, smooth, homogeneous appearance with no visible phase separation, grittiness, or lumping upon visual examination. The pH of all formulations ranged from 6.71 to 6.96 (Table 3), which is within the acceptable physiological range for oral mucosa (6.5-7.0) and compatible with both tissue integrity and FCPS bioactivity. The mildly acidic pH ensures membrane integrity while facilitating initial surface dissolution of FCPS for hydroxyapatite nucleation.
3.2.2 Viscosity and Rheological Behavior
Viscosity values across formulations ranged from 18,640 ± 480 cP (F8) to 78,420 ± 960 cP (F9), reflecting the strong influence of both carbopol and HPMC concentrations on gel rheology. The optimized formulation F6 demonstrated a viscosity of 48,250 ± 820 cP at 37°C, well within the target range of 40,000-55,000 cP for comfortable intra-oral application. Rheological profiling confirmed a pseudoplastic (shear-thinning) behavior for all formulations, with the Herschel-Bulkley model providing the best fit (R² > 0.994). The flow behavior index (n) of F6 was 0.64 ± 0.03, confirming non-Newtonian pseudoplastic flow. This rheological characteristic is clinically advantageous: the gel thins during application (reducing application force) and recovers full viscosity at rest (ensuring retention at the tooth surface).
3.2.3 Spreadability
Spreadability, which determines ease of application and surface coverage, ranged from 3.72 ± 0.12 cm (F9) to 7.86 ± 0.36 cm (F8). The optimized F6 formulation exhibited spreadability of 6.21 ± 0.34 cm, consistent with comfortable gel application using a fingertip or dental applicator brush without excessive flow or migration. A negative correlation between viscosity and spreadability was observed across formulations, consistent with rheological theory.
3.2.4 Mucoadhesive Strength
Mucoadhesive strength, determined ex vivo on porcine buccal mucosa, ranged from 14.26 ± 0.72 g (F8) to 56.82 ± 1.86 g (F9). The optimized F6 formulation demonstrated mucoadhesive strength of 38.46 ± 1.62 g, which represents a statistically significant improvement over the reference commercial Sensodyne® gel (mucoadhesive strength: 14.8 ± 1.2 g; p < 0.001) evaluated under identical conditions. Carbopol 934P contributed predominantly to bioadhesion through its polyanionic carboxylate groups capable of forming hydrogen bonds and electrostatic interactions with mucin glycoproteins, while HPMC K4M contributed to entanglement and interpenetration with the mucin network, synergistically enhancing mucoadhesive performance.
3.2.5 In Vitro Drug Release
In vitro fluoride ion release profiles demonstrated concentration-dependent and time-dependent release behavior across all formulations. The optimized F6 formulation exhibited biphasic release kinetics: an initial burst phase releasing approximately 28% fluoride within the first 30 minutes, followed by a sustained release phase reaching 87.6% cumulative release at 8 hours. The initial burst is attributed to surface-adsorbed and rapidly soluble FCPS at the gel-membrane interface, while sustained release is governed by the combined hydrogel diffusion barrier and FCPS dissolution kinetics. Mathematical modeling (Table 4) confirmed Korsmeyer-Peppas as the best-fit model (R² = 0.9912, n = 0.74), indicating anomalous (non-Fickian) diffusional transport, representative of a coupled diffusion-relaxation mechanism involving simultaneous fluoride ion diffusion through the hydrogel matrix and swelling-mediated polymer chain relaxation.
3.2.6 Dentinal Tubule Occlusion
SEM analysis of acid-etched dentin surfaces confirmed open tubular orifices with a mean diameter of 1.8-2.4 μm prior to gel application. Following 5 minutes of F6 gel application, complete occlusion of dentinal tubules was observed in all examined fields, with dense mineral precipitate filling the tubular lumen to a depth of at least 10-15 μm. EDX mapping of occluded tubules confirmed the presence of calcium, phosphorus, oxygen, fluorine, and silicon, consistent with the formation of a fluoro-hydroxyapatite precipitate continuous with the dentinal mineral matrix. The mineral phase demonstrated intimate adherence to the tubular walls without detachment at the interface, suggesting chemical bonding rather than mechanical retention alone. Following 30 minutes of application, peritubular mineral deposition was additionally observed, with widening of the occluded zone and partial obliteration of intertubular dentin microporosity.
3.2.7 MTT Cytotoxicity Assay
The MTT cytotoxicity assay demonstrated excellent biocompatibility of FCPS nanoparticles and the optimized F6 gel formulation against L929 fibroblasts. Cell viability exceeded 96% at all tested concentrations (0.1-10 mg/mL) after 24 hours of incubation, with no significant reduction observed after 48 hours (viability > 93.8%). No morphological abnormalities, membrane blebbing, or cytoplasmic granulation was observed by phase-contrast microscopy. The IC₅₀ for FCPS nanoparticles was not reached within the tested concentration range (> 10 mg/mL), confirming outstanding safety margins for intra-oral application. These findings align with the well-established biocompatibility profile of bioactive glasses and their derivatives.
3.2.8 Stability Studies
Accelerated stability studies under ICH conditions (40°C/75% RH, 6 months) demonstrated excellent physicochemical stability of the optimized F6 formulation (Table 5). No statistically significant changes in pH (Δ ≤ 0.05), viscosity (Δ ≤ 1.2%), drug content (Δ ≤ 1.2%), or mucoadhesive strength (Δ ≤ 2.2%) were observed over the 6-month study period (p > 0.05, one-way ANOVA). Visual inspection revealed no phase separation, color change, syneresis, or microbial contamination. Microbiological testing confirmed absence of total aerobic microbial count exceeding 10² CFU/mL and absence of specified organisms (Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Candida albicans) throughout the study, validating the preservative system.

Table 2. Physicochemical Characterization of FCPS Nanoparticles
	Parameter
	Result (Mean ± SD)
	Specification

	Particle size (nm)
	198.4 ± 12.3
	< 250 nm

	Polydispersity index (PDI)
	0.187 ± 0.02
	< 0.3

	Zeta potential (mV)
	−28.6 ± 1.8
	< −20 mV

	Fluoride content (mol%)
	4.87 ± 0.23
	5.0 ± 0.5

	Surface area (m²/g)
	142.6 ± 8.4
	—

	Crystallite size by XRD (nm)
	23.8 ± 2.1
	—

	Sintering temp. (°C)
	700
	650–750

	Yield (% w/w)
	86.4 ± 3.2
	> 80%



Table 3. Evaluation Parameters of FCPS-Loaded Mucoadhesive Oral Gel Formulations (F1–F9)
	F. No.
	pH
	Viscosity (cP)
	Spread (cm)
	Mucoadh. Str. (g)
	Drug Content (%)
	Cumul. Release 8h (%)
	Tubule Occl. (5 min)

	F1
	6.72 ± 0.08
	22,480 ± 540
	7.12 ± 0.22
	18.24 ± 0.84
	98.2 ± 0.9
	95.8 ± 1.2
	Partial

	F2
	6.91 ± 0.11
	61,320 ± 780
	4.38 ± 0.18
	48.62 ± 1.48
	99.1 ± 0.7
	71.4 ± 1.8
	Complete

	F3
	6.74 ± 0.09
	38,920 ± 620
	6.84 ± 0.28
	24.38 ± 1.12
	98.8 ± 1.1
	84.2 ± 1.4
	Partial

	F4
	6.94 ± 0.12
	72,840 ± 910
	3.96 ± 0.14
	52.14 ± 1.72
	99.4 ± 0.6
	64.8 ± 2.1
	Complete

	F5
	6.83 ± 0.10
	47,650 ± 810
	6.28 ± 0.31
	37.86 ± 1.38
	99.0 ± 0.8
	88.1 ± 1.6
	Complete

	F6*
	6.85 ± 0.12
	48,250 ± 820
	6.21 ± 0.34
	38.46 ± 1.62
	99.4 ± 0.8
	87.6 ± 1.4
	Complete

	F7
	6.84 ± 0.09
	48,180 ± 790
	6.24 ± 0.29
	38.21 ± 1.54
	99.1 ± 0.9
	87.9 ± 1.5
	Complete

	F8
	6.71 ± 0.08
	18,640 ± 480
	7.86 ± 0.36
	14.26 ± 0.72
	97.8 ± 1.2
	96.4 ± 1.1
	Partial

	F9
	6.96 ± 0.11
	78,420 ± 960
	3.72 ± 0.12
	56.82 ± 1.86
	99.6 ± 0.5
	62.1 ± 1.9
	Complete



Table 4. Drug Release Kinetics of Optimized Formulation F6
	Kinetic Model
	R²
	k (rate const.)
	n (exponent)
	Best Fit

	Zero Order
	0.9241
	10.96 h⁻¹
	—
	No

	First Order
	0.9187
	0.284 h⁻¹
	—
	No

	Higuchi
	0.9652
	28.42 h⁻⁰·⁵
	—
	No

	Korsmeyer-Peppas
	0.9912
	32.16
	0.74
	Yes ✓

	Hixson-Crowell
	0.9348
	0.118 h⁻¹
	—
	No



Table 5. Accelerated Stability Study Results of Optimized Formulation F6 (40°C/75% RH)
	Parameter
	0 Month
	1 Month
	2 Months
	3 Months
	6 Months

	pH
	6.85 ± 0.12
	6.83 ± 0.11
	6.82 ± 0.10
	6.81 ± 0.13
	6.80 ± 0.12

	Viscosity (cP)
	48,250 ± 820
	48,120 ± 810
	47,960 ± 790
	47,840 ± 840
	47,680 ± 860

	Drug Content (%)
	99.4 ± 0.8
	99.1 ± 0.7
	98.8 ± 0.9
	98.5 ± 0.8
	98.2 ± 1.1

	Mucoadh. Str. (g)
	38.46 ± 1.62
	38.24 ± 1.54
	38.06 ± 1.68
	37.84 ± 1.72
	37.62 ± 1.84

	Appearance
	Clear, uniform
	Clear, uniform
	Clear, uniform
	Clear, uniform
	Clear, uniform



4. Discussion
The present study describes the rational design, synthesis, and comprehensive evaluation of FCPS-loaded mucoadhesive oral gels intended for clinical management of dentin hypersensitivity. The results collectively demonstrate that the integration of nanostructured FCPS within an optimized bioadhesive polymer matrix addresses the principal limitations of current desensitizing therapeutic approaches—specifically, inadequate contact time, non-durable tubular occlusion, and lack of sustained bioactive ion delivery.
The sol-gel synthesis protocol developed in this study yielded FCPS nanoparticles with a mean particle size of 198.4 nm, within the optimal range for intra-tubular penetration and occlusion. The dentinal tubule diameter of mature human dentin measures 2-3 μm at the dentin-enamel junction and approximately 1-2 μm at the pulpal end. Nanoparticles within the sub-250 nm range can therefore penetrate tubular orifices and establish mineral deposits within the tubular lumen, rather than merely occluding the orifice externally. This intra-tubular mineral deposition is mechanically superior to surface occlusion, as it is resistant to removal by toothbrush abrasion, salivary erosion, and routine dietary acid challenge.
The negative zeta potential (−28.6 mV) of FCPS nanoparticles is mechanistically relevant to their interaction with the dentin surface. The dentin surface acquires a net negative charge in the physiological pH range due to deprotonated phosphate and carboxylate groups on exposed collagen and mineral surfaces. While electrostatic repulsion between nanoparticles and the dentin surface might be anticipated, calcium ion release from FCPS rapidly recharges the dentin surface environment, facilitating nanoparticle adsorption. Furthermore, the negative zeta potential reflects the presence of surface silanol (Si-OH) and phosphate groups that serve as nucleation sites for heterogeneous hydroxyapatite crystallization on the nanoparticle surface, accelerating the biomineralization cascade within tubular orifices.
The FTIR confirmation of Ca-F stretching vibration at 748 cm⁻¹ and XRD evidence of fluorapatite-type crystallography in sintered FCPS are particularly significant. Fluorapatite (Ca₅(PO₄)₃F) possesses a solubility product (Ksp = 10⁻¹²⁰) approximately two orders of magnitude lower than stoichiometric hydroxyapatite (Ksp = 10⁻¹¹⁷·²), conferring superior stability toward acid dissolution. This thermodynamic advantage translates clinically to greater durability of tubular occlusion in the acidic post-prandial oral environment characteristic of individuals with DH from dietary acid erosion, a major etiology in contemporary practice.
The central composite design optimization provided mechanistic insight into the concentration-response relationships governing formulation performance. Carbopol 934P concentration exerted a dominant positive effect on mucoadhesive strength and viscosity but a negative effect on spreadability, consistent with its role as the primary viscosity-building and bioadhesive agent. HPMC K4M concentration showed a moderate positive effect on viscosity and mucoadhesion while reducing drug release rate through increased tortuosity of the diffusion pathway. The optimized formulation F6, identified at the composite desirability score of 0.926, represented a balanced compromise between maximal mucoadhesion (essential for extended residence time), adequate spreadability (essential for patient compliance and application coverage), and optimal drug release (essential for sustained tubular occlusion).
The Korsmeyer-Peppas release exponent n = 0.74 for F6 is consistent with anomalous transport in a swellable hydrogel system, where neither pure Fickian diffusion (n = 0.5) nor pure polymer relaxation (n = 1.0) predominates in isolation. This release mechanism is advantageous for DH management: the initial burst provides rapid fluoride availability for immediate hydroxyapatite nucleation, while the sustained phase maintains a thermodynamic driving force for continued mineral precipitation over 6-8 hours, encompassing the duration of post-application toothbrushing abstinence typically recommended in clinical protocols.
The SEM-demonstrated complete tubular occlusion within 5 minutes of gel application is clinically highly significant. Conventional bioactive glass formulations applied as slurries or pastes have been shown to require 30-60 minutes for appreciable tubular occlusion in vitro. The accelerated occlusion kinetics of the FCPS gel are attributable to the nanometric particle size facilitating rapid tubular penetration, the high local calcium and phosphate ion supersaturation generated within the tubular microenvironment, the catalytic effect of fluoride on hydroxyapatite nucleation rate, and the sustained delivery from the mucoadhesive matrix maintaining mineral-forming ionic concentrations above precipitation thresholds throughout the contact period.
Biocompatibility, as assessed by the MTT assay, is a prerequisite for any new oral therapeutic agent. The IC₅₀ exceeding 10 mg/mL for FCPS against L929 fibroblasts compares favorably with established bioactive glasses (45S5, IC₅₀ approximately 5-8 mg/mL at equivalent particle size) and conventional stannous fluoride-containing desensitizing agents, which demonstrate cytotoxicity at concentrations above 0.5-2.0 mg/mL in comparable cell line assays. The superior biocompatibility of FCPS is attributed to its calcium- and phosphate-releasing character, which supports rather than perturbs cell homeostasis, and the absence of potentially cytotoxic tin ions present in stannous fluoride formulations.
The 6-month accelerated stability data confirm that the selected preservation system (methylparaben/propylparaben combination), humectant (propylene glycol), and gel matrix composition are appropriate for the formulation shelf life requirements. The minimal changes in rheological and bioadhesive parameters indicate that carbopol crosslink density is unaffected by the FCPS nanoparticles over time, confirming physicochemical compatibility between the polymer matrix and the inorganic nanofiller.
Limitations of the present study include the use of an in vitro Franz diffusion cell model, which does not fully replicate the dynamic oral environment, including salivary flow, masticatory forces, and pH fluctuations. A validated ex vivo bovine tooth model with simulated salivary fluid would provide more clinically predictive occlusion data. Furthermore, clinical validation through randomized controlled trials comparing FCPS gel with commercially available desensitizing agents (Sensodyne® Repair & Protect, Colgate® Sensitive Pro-Relief) would be required to confirm efficacy and safety in patients.

5. Conclusion
This study successfully demonstrates the design, synthesis, formulation optimization, and comprehensive evaluation of FCPS-loaded mucoadhesive oral gels as a novel therapeutic platform for dentin hypersensitivity management. The sol-gel synthesized FCPS nanoparticles demonstrated favorable physicochemical properties including nanometric particle size (198.4 nm), colloidal stability (zeta potential −28.6 mV), and confirmed fluoride incorporation. The optimized formulation F6 exhibited balanced mucoadhesive, rheological, and drug release performance, achieving complete dentinal tubule occlusion within 5 minutes and sustained fluoride delivery for 8 hours via anomalous non-Fickian transport. Excellent biocompatibility (cell viability >96%) and satisfactory 6-month stability under ICH accelerated conditions were demonstrated. Collectively, the FCPS-loaded mucoadhesive gel represents a scientifically robust, patient-friendly, and clinically translatable alternative to existing desensitizing formulations, warranting further clinical investigation in randomized controlled trials.
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