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ABSTRACT:

Background: Dentine hypersensitivity is associated with an imbalance between enamel
demineralization and remineralization, resulting in dentinal tubule exposure and stimulus-
induced pain. The shell of the golden apple snail (Pomacea canaliculata L.), an invasive
rice pest and abundant agricultural waste in Southeast Asia, is a potential source of
biogenic calcium carbonate for sustainable remineralizing dentifrices. Melastoma
malabathricum L. fruit (senduduk) provides bioactive phytochemicals with antibacterial
potential.

Objective: To determine the effect of P. canaliculata shell concentration on the
magnitude, kinetics, and durability of enamel remineralization and identify the optimal
dentifrice formulation.

Methods: Four dentifrices containing 5%, 10%, 15%, and 20% (w/w) P. canaliculata shell
powder with a fixed M. malabathricum fruit fraction were compared with a commercial
sodium fluoride/potassium nitrate dentifrice. One hundred permanent human canines
were demineralized at pH 3 for 72 h and allocated to five groups, each subdivided into
90-, 180-, 270-, and 360-min immersion periods (n = 5). Outcomes included Vickers
surface microhardness, artificial salivary calcium concentration, antibacterial activity

against Streptococcus mutans and Escherichia coli, scanning electron microscopy, pH,
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homogeneity, and compliance with SNI 12-3524-1995.

Results: All formulations were homogeneous, pH-neutral (pH 7), free of E. coli, and
compliant with SNI requirements. Microhardness differed significantly among groups at
all time points (p < 0.001; n* = 0.70-0.96). Peak hardness ranged from 306.50 to 341.83
HV, representing a 132—-159% increase from baseline. The 5% formulation reached peak
hardness at 180 min and showed the strongest eatly remineralization, whereas higher
concentrations required longer exposure. At 90 min, hardness was inversely correlated
with shell concentration (r = —0.947). The 5% formulation achieved hardness comparable
to the commercial control (341.83 vs. 332.00 HV; p = 0.45), but demonstrated supetior
mineral retention and the greatest integrated mineral gain (48,945 vs. 39,583 HV min). S.
mutans inhibition was strongest with the 5% formulation (16 mm) and declined with
increasing shell concentration, whereas no formulation inhibited E. coli. Salivary calcium

decreased across all groups, indicating net mineral uptake.

Conclusion: Shell concentration primarily influenced remineralization kinetics and
mineral retention rather than ultimate remineralization capacity. The 5% formulation
demonstrated the most favorable overall performance, combining control-equivalent peak
microhardness, superior mineral retention, and the strongest S. mutans inhibition. P.
canaliculata shell combined with M. malabathricum fruit therefore represents a promising
locally sourced and circular-bioeconomy-based dentifrice candidate.

1. INTRODUCTION

Dentine hypersensitivity (DH) is a prevalent and clinically significant condition in dentistry, affecting an estimated 30% of the
global population, with the highest burden reported among adults aged 20—40 years and a greater prevalence among women than
men [1-3]. In Indonesia, the burden is similatly substantial, with epidemiological data suggesting that approximately one in five
adults experiences DH. Clinically, DH is characterized by a transient, sharp pain elicited by thermal, osmotic, tactile, or evaporative
stimuli, including exposure to hot or cold foods and beverages, sweet or acidic substances, toothbrushing, flossing, or cold air.
The condition generally occurs when enamel is lost or substantially thinned, exposing dentine and its underlying tubular network
to the oral environment and external stimuli[4—6]. Under physiological conditions, dental hard tissues undergo continuous cycles
of demineralization and remineralization that remain in dynamic equilibrium. Acid-mediated mineral dissolution is
counterbalanced by the precipitation of calcium and phosphate ions derived primarily from saliva, which contribute to the
restoration of hydroxyapatite [Ca10(PO4)s(OH)2], the principal crystalline mineral phase accounting for approximately 90-92%
of enamel by volume[7—10]. DH may emerge when this equilibrium is persistently disrupted in favor of mineral dissolution. Such
disruption can result from extrinsic dietary acids and acidic beverages, intrinsic acids associated with gastroesophageal reflux or
regurgitation, and bacterial acidogenesis within dental biofilms[11-13]. Once mineral loss exceeds the endogenous capacity for
repair, spontaneous restoration becomes insufficient, necessitating therapeutic strategies that promote remineralization and reduce
dentinal permeability[14—16].

Effective remineralization is governed by a multifactorial physicochemical and biological environment involving adequate salivary
flow, maintenance of a near-neutral oral pH, sufficient availability of calcium (Ca**) and phosphate (PO4*) ions, and control of
acidogenic microorganisms responsible for recurrent demineralization[17,18]. Although the mineral component has received
considerable attention in dentifrice development, microbial control is equally important because persistent acidogenic activity may
compromise mineral deposition and accelerate subsequent mineral loss. Consequently, a formulation capable of simultaneously
supplying remineralizing ions and suppressing cariogenic microorganisms may provide a more comprehensive approach to
maintaining mineral homeostasis than strategies targeting either process independently.

Commercial desensitizing dentifrices commonly employ fluoride, potassium salts, hydroxyapatite, or arginine—calcium carbonate
systems to reduce dentinal permeability and facilitate mineral restoration. However, the availability of affordable, locally sourced,
and environmentally sustainable alternatives remains limited, particularly in resource-constrained settings. This has stimulated
increasing interest in biogenic calcium carbonate obtained from shell-derived waste as a potential multifunctional ingredient for
dental formulations. Calcium carbonate recovered from molluscan and avian shells has demonstrated suitable physicochemical
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characteristics for use as a dentifrice abrasive and mineralizing agent, supporting its potential as an alternative source of calcium
for oral-care applications[19-21].

Among potential biological sources, the shell of the golden apple snail, Pomacea canaliculata L., represents a particularly promising
and contextually relevant feedstock. Introduced into Southeast Asia during the 1980s, P. canaliculata has subsequently become a
major invasive agricultural pest, particularly in rice-producing systems, and has been recognized among ecologically and
economically consequential alien species[22—24]. Its shell contains a high proportion of calcium carbonate, making it a potentially
valuable mineral resource rather than merely an agricultural waste stream. Importantly, population-control activities generate shell
biomass continuously, creating an opportunity to transform an invasive-species management burden into a value-added
biomedical resource. Previous studies have demonstrated that P. canaliculata shell-derived preparations can increase salivary pH,
elevate calcium availability, facilitate calcium deposition at the enamel surface, and enhance enamel surface hardness|[25,26]. These
findings provide a preliminary biological rationale for incorporating snail-shell-derived calcium carbonate into remineralizing

dentifrice formulations and, more broadly, illustrate its potential within a circular bioeconomy framework.

The antimicrobial component of the proposed formulation is derived from Melastoma malabathricum L. (senduduk;
Melastomataceae), a widely distributed pantropical shrub with a longstanding ethnomedicinal history throughout the Malay
Archipelago[27,28]. Phytochemical investigations have identified multiple bioactive constituents in its fruits and leaves, including
flavonoids, tannins, saponins, and alkaloids[29,30]. Previous investigations have reported antibacterial activity of isolated fruit
constituents against Staphylococcus aureus and Escherichia coli at concentrations of approximately 1000 ppm, while ethyl acetate
fractions of the leaves have demonstrated inhibitory activity against S. aureus, E. coli, and Candida albicans[31-33]. The biological
activities of these phytochemical classes are mechanistically complementary: flavonoids can interfere with microbial membrane
integrity and cellular motility; tannins can interact with microbial proteins, adhesins, and extracellular enzymes; alkaloids may
disrupt cell-wall biosynthesis; and saponins can alter membrane permeability and promote leakage of intracellular components.
Accordingly, combining biogenic calcium carbonate with M. malabathricum fruit extract provides a rational formulation strategy

that simultaneously addresses mineral replenishment and microbial suppression.

Despite this potential, an important formulation gap remains concerning the concentration-dependent performance of shell-
derived calcium carbonate dentifrices. Increasing mineral loading may enhance the availability of calcium and carbonate ions and
thereby increase the potential for mineral deposition. However, higher concentrations may simultaneously increase formulation
viscosity, alter buffering behavior, and modify the diffusion and release of both mineral ions and phytochemical constituents.
Consequently, the relationship between calcium carbonate concentration and remineralization cannot be assumed to be linear. In
particular, it remains unclear whether increasing biogenic carbonate concentration primarily affects the magnitude of mineral
recovery, the kinetics of remineralization, or the persistence of the resulting mineral gain. Distinguishing among these dimensions
is essential because a formulation that produces rapid mineral deposition may not necessarily provide durable protection under
subsequent oral challenges. To address this gap, the present study developed four dentifrice formulations containing 5-20%
(w/w) P. canaliculata shell-derived calcium carbonate, while maintaining a constant total abrasive load and a fixed proportion of
M. malabathricum fruit extract. The formulations were evaluated against a commercially available sodium fluotide/potassium
nitrate dentifrice as a reference control over a 90-360 min immersion period. Evaluation encompassed enamel surface
microhardness, calcium concentration in artificial saliva, antibacterial activity against Streptococcus mutans and Escherichia coli,
enamel surface morphology and ultrastructure using scanning electron microscopy (SEM), and compliance with the Indonesian
National Standard SNI 12-3524-1995. By incorporating multiple assessment domains and a time-resolved experimental design,
the study secks to determine not only whether shell-derived calcium carbonate promotes remineralization, but also how its

concentration influences the kinetics and persistence of mineral recovery
MATERIALS AND METHODS
Study design

This laboratory-based experimental study employed a post-test-only control group design and was conducted from June to
November 2023 at the Integrated Research Laboratory, Faculty of Dentistry, Universitas Gadjah Mada, Yogyakarta, for
microhardness testing and scanning electron microscopy (SEM), and at the Medical Laboratory Technology and Pharmacy
Laboratories, Poltekkes Kemenkes Palembang, for dentifrice formulation, physicochemical characterization, and microbiological
analyses. The dentifrice formulations consisted of Pomacea canalicnlata 1.. shell powder, calcium carbonate, gum arabic, sodium

saccharin, sodium chloride, menthol, methyl paraben, glycerin, peppermint oil, finely triturated fresh Melastoma malabathricum 1.
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fruit, and agua bidestillata. Artificial saliva was prepared from analytical-grade NaHCOj3, NazPO,, KCl, MgSOy4, NaCl, and CaCl,
dissolved in agua pro injectione. A commercially available desensitizing dentifrice containing sodium fluoride and potassium nitrate
was used as the positive control. Microbiological assays employed pure cultures of Streptococcus mutans and Escherichia coli cultured
on Mueller—Hinton agar and MacConkey agar, respectively. The instruments used included a calibrated pH meter, digital micro-
Vickers hardness tester, scanning electron microscope, incubator, analytical balance with four-decimal-place precision, and
standard laboratory glassware. P. canaliculata shells were thoroughly cleaned to remove soil, adherent tissues, and other organic
residues, washed, dried, pulverized, and passed through a 200-mesh sieve to obtain a relatively uniform powder suitable for
incorporation into the dentifrice base. Species identification was based on the established morphological and taxonomic
characteristics of P. canaliculata 1. The resulting shell powder was characterized by X-ray diffraction (XRD) to determine its
crystalline calcium carbonate phase, scanning electron microscopy to assess particle morphology, and energy-dispersive X-ray
spectroscopy (EDS) to determine its elemental composition. Particle-size uniformity was assessed using a 200-mesh sieve, while
heavy-metal analysis was performed to assess potential contamination by cadmium (Cd), lead (Pb), and arsenic (As). Ripe M.
malabathricum L. froits were selected according to predefined maturity criteria, washed, and finely triturated to obtain a
homogeneous pulp, which was incorporated directly into the dentifrice formulations without solvent extraction. Botanical
identification was based on established morphological characteristics and documented using a herbarium voucher. Phytochemical
characterization of the fruit fraction included quantitative determination of total phenolic, total flavonoid, and total anthocyanin
contents using appropriate spectrophotometric methods and reference standards. The M. malabathricum fruit fraction was
maintained at a constant concentration across all formulations, whereas P. canaliculata shell powder was incorporated at
concentrations of 5%, 10%, 15%, and 20% (w/w) to evaluate the effect of increasing biogenic calcium carbonate concentration
on the physicochemical characteristics and functional performance of the dentiftices.

Dentifrice formulation

Four experimental formulations were prepared, differing only in the proportion of P. canaliculata shell powder (5, 10, 15 and 20%
w/w) with a reciprocal reduction in synthetic calcium carbonate, so that total abrasive load remained constant at 50% w/w across
all four. All other components, including the M. malabathricum fruit fraction, were held constant. Compositions are given in Table
1. This constant-abrasive design is important interpretively: any difference between formulations is attributable to the substitution

of biogenic for synthetic carbonate, not to a change in total mineral or abrasive content.

Table 1. Composition of the four experimental dentifrice formulations and the positive control.

Ingredient Function F5 F10 F15 F20 Control
P. canaliculata shell Biogenic 5¢ 10g 15¢ 20g —
powder remineralizing phase

Calcium carbonate Abrasive 45 ¢ 40¢g 35¢g 30g —
(synthetic)

M. malabathricum fresh Antibacterial / 10g 10g 10g 10¢g —

fruit antiplaque

Sodium fluoride + Active (control) — — — — Marketed
potassium nitrate formulation
Gum arabic Binder 12¢ 12¢ 12¢ 12¢ —
Glycerin Humectant 10g 10g 10g 10¢g —
Methyl paraben Preservative 05g 05¢g 05¢g 05¢g —
Sodium chloride Preservative 05g 05¢g 05¢g 05g —
Sodium saccharin Sweetener 05g 05¢g 05¢g 05g —
Menthol Flavour lg lg lg lg —
Peppermint oil Flavour lg lg lg lg —

Aqua bidestillata Vehicle to 100% to 100% to 100% to 100% —

Total abrasive load (biogenic shell + synthetic carbonate) was held constant at 50 g per 100 g across F5—F20. The discrepancy
between the 10 g fruit fraction tabulated here and the 5% figure cited elsewhere in the source documentation requires
reconciliation.

367
Natural Resources for Human Health (NRFHH)

https://nrthh.com



Natural Resources for

Human Health
eISSN: 2583-1194

Manufacture proceeded as follows. Gum arabic was dispersed in aqua destillata, added incrementally in a mortar until a gel formed.
In a separate mortar, sodium saccharin, sodium chloride, menthol and methyl paraben were triturated to a fine powder. Calcium
carbonate was incorporated portion-wise with continued trituration, followed by the shell powder, mixing to homogeneity. The
gum arabic gel was then added incrementally to the powder blend with further trituration. Glycerin and peppermint oil were
introduced slowly with continuous mixing until a smooth, homogeneous, lump-free mass was obtained. Finally the triturated M.
malabathricum fruit was incorporated and the whole mass triturated again to the target paste consistency.

2.6. Preparation of artificial saliva

Artificial saliva was prepared by sequentially dissolving 19.9 g of NaHCOg3, 3.5 g of NayPOy, 0.285 g of KCI, 0.06 g of MgSOs,,
0.235 g of NaCl, and 0.02 g of CaCl; in 500 mL of aqua pro injectione. The solution was placed in a closed container and shaken
until all components were completely dissolved, after which the pH was measured and verified before use. The artificial saliva
was subsequently used as the immersion medium for the enamel specimens. A total of 100 extracted permanent human canines
with intact crowns and without caries, cracks, restorations, or other structural defects were used as experimental specimens. To
simulate enamel demineralization associated with hypersensitivity, the specimens were immersed in a carbonated beverage
adjusted to pH 3 for three consecutive 24-h periods. Following demineralization, Vickers microhardness was measured, yielding
a mean baseline hardness of 132.2 HV. The specimens were then allocated into five experimental groups: F5, F10, F15, F20, and
a positive-control group treated with a commercially available desensitizing dentifrice. Each group consisted of 20 specimens and
was further divided into four immersion-time subgroups of five specimens each, corresponding to 90, 180, 270, and 360 min,
resulting in a sample size of # = 5 for each group—time combination. The demineralized specimens were coated with the respective
dentifrice formulation and subsequently immersed in artificial saliva according to the predetermined immersion period. After 90,
180, 270, or 360 min, the specimens were removed from the immersion medium and prepared for subsequent Vickers
microhardness analysis. All specimens were handled using standardized laboratory procedures throughout the experimental period

to minimize variation attributable to specimen preparation and treatment conditions.
2.9. Physicochemical and microbiological conformity testing

Physicochemical and microbiological conformity of the dentifrice formulations was assessed based on homogeneity, pH, and
absence of Escherichia coli. Homogeneity was evaluated by examining samples collected from the upper, middle, and lower portions
of each batch, while pH was measured using a calibrated pH meter according to SNI 12-3524-1995 (acceptable range, 4.5-10.5).
Microbiological conformity was assessed using MacConkey agar after 24 h of incubation. Antibacterial activity against Streptococcus
mutans and E. coli was determined using the Kirby—Bauer disc diffusion method, with inhibition zones measured after 24 h of
incubation at 35-37 °C and interpreted according to Davis and Stout criteria. Calcium concentration in artificial saliva was
measured after each immersion petiod to assess mineral exchange, with changes from baseline indicating net calcium uptake or
release. Enamel surface microhardness was determined using a digital micro-Vickers hardness tester under standardized loading
conditions, and surface morphology after 180 min of immersion was examined by scanning electron microscopy at 3000%
magnification. The independent vatiable was dentifrice formulation (F5, F10, F15, F20, and positive control), while dependent
variables included enamel microhardness, attificial salivary calcium concentration, and bacterial inhibition-zone diameter;
immersion time (90, 180, 270, and 360 min) was incorporated as a temporal factor. The null hypothesis stated that the P. canaliculata
shell-based formulations would not differ significantly from the commercial control in remineralization-related outcomes or

antibacterial activity.
Antibacterial testing

Antibacterial activity was evaluated using the Kirby—Bauer disc diffusion method against Streptococcus mutans and Escherichia cols.
Sterile paper discs were saturated with each dentifrice suspension in sterile agua destillata for 30 min, placed on inoculated Mueller—
Hinton agar, and incubated at 35-37 °C for 24 h. The diameter of the inhibition zone was measured using a vernier caliper and
classified according to Davis and Stout criteria as weak (<5 mm), moderate (5—-10 mm), or strong (>10-20 mm) inhibition.
Calcium concentration in artificial saliva was measured after each immersion period to evaluate mineral exchange between the
enamel specimens and immersion medium; a decrease from baseline was interpreted as net calcium uptake by enamel, whereas
an increase indicated net calcium release. Calcium was quantified using a validated analytical method with appropriate calibration
standards and replicate measurements. Surface microhardness was determined using a digital micro-Vickers hardness tester after
embedding the specimens in resin while leaving the enamel surface exposed. Vickers indentations were made under standardized

loading conditions, and hardness values were calculated from the mean lengths of the indentation diagonals. Representative
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enamel specimens from each group were further examined by scanning electron microscopy (SEM) after 180 min of immersion
at 3000X magnification to evaluate the distribution and morphology of deposited material. The independent variable was
dentifrice formulation (F5, F10, F15, F20, and positive control), while the dependent variables were enamel surface
microhardness, artificial salivary calcium concentration, and bacterial inhibition-zone diameter. Immersion time (90, 180, 270, and
360 min) was incorporated as a temporal factor. The null hypothesis stated that the P. canaliculata shell-based formulations would
not differ significantly from the commercial control in their effects on enamel microhardness, calcium exchange, or antibacterial
activity.

Statistical analysis

Data are presented as mean ¥ standard deviation. Homogeneity of variance was assessed by Levene test before parametric analysis.
Microhardness and salivary calcium were compared between formulations at each immersion time by one-way ANOVA with
Bonferroni-corrected pairwise comparisons; inhibition zone diameters, which were not normally distributed, were compared by
Kruskal-Wallis test. Significance was set at « = 0.05. To characterize the time course beyond the individual time points, three
derived measures were computed for each formulation from the group means: peak hardness and the time at which it occurred;
the post-peak decline rate, expressed in HV per minute and as a percentage of peak lost by 360 min; and the area under the
hardness—time curve above the demineralized baseline of 132.2 HV, calculated by the trapezoidal rule over the 90-360 min interval
and expressed both as HV-min and as the equivalent mean hardness elevation sustained across that interval. Partial eta-squared
(n? is reported as the effect size for each ANOVA, and Cohen’s d for comparisons against the positive control. Analyses were

performed in SPSS (version [insert version]); derived measures and effect sizes were computed from the group summary statistics.
RESULT
Physical characteristics and standards conformity

All four experimental formulations were produced as smooth, homogeneous pastes. Sampling from the upper, middle and lower
thirds of each batch showed uniform texture with no air entrapment, no aggregates and no separated particles at any sampling
position, confirming homogeneous dispersion of both the shell powder and the fruit fraction throughout the matrix. All four
experimental formulations recorded a pH of 7.0, while the marketed positive control recorded pH 6.0 (Table 2). All five pastes
therefore fall within the SNI 12-3524-1995 range of 4.5-10.5, but the experimental formulations are neutral whereas the control
is mildly acidic — a distinction with mechanistic relevance discussed below, since the solubility of hydroxyapatite is steeply pH-
dependent. Notably, pH was invariant across a fourfold range of shell concentration, indicating that within this compositional
window the carbonate buffer system rather than the loading determines the equilibrium pH. No formulation, and not the control,
supported growth of E. /i after 24 h on agar, satisfying the microbiological requirement of SNI 12-3524-1995.

Table 2. pH and conformity to SNI 12-3524-1995.

Formulation pH SNI pH 4.5-10.5 E. coli (24 h) Homogeneity

F5 (5% shell) 7.0 Complies Not detected Homogeneous
10 (10% shell) 7.0 Complies Not detected Homogeneous
F15 (15% shell) 7.0 Complies Not detected Homogeneous
20 (20% shell) 7.0 Complies Not detected Homogeneous
Positive control 6.0 Complies Not detected Homogeneous

Antibacterial activity

Against S. mutans, all five pastes produced measurable inhibition, and the differences between them were significant on Kruskal—
Wallis testing (p < 0.001). Inhibition was strongest for F5 at 16 mm — "strong" by the Davis and Stout criteria — and fell as
shell content rose, to 10 mm at both 10 and 15% and 8 mm at 20%, the latter equalling the marketed control (Table 3). The
relationship between shell concentration and inhibition zone was strongly negative and monotonic (Spearman o = —0.949, p =
0.051; Pearson r = —0.894), the borderline p value reflecting the four concentration levels available rather than any weakness of
the trend. This inverse relationship is mechanistically informative precisely because the M. malabathricum fruit fraction was held
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constant across all four formulations. The decline in activity therefore cannot be attributed to dilution of the antibacterial
constituent, and must instead reflect a property of the paste matrix that changes with carbonate loading — most plausibly reduced
diffusion of the phytochemical fraction out of an increasingly viscous, densely packed matrix, together with the greater buffering
capacity of the higher-carbonate formulations. Against E. ¢/, no formulation and not the control produced any inhibition zone,
indicating that neither the biogenic carbonate nor the fruit fraction at these concentrations is active against this organism.

Table 3. Inhibition zone diameters against S. mutans and E. coli.

Formulation S. mutans (mm) Interpretation E. coli (mm)

F5 (5% shell) 16 £ 0.0 Strong No inhibition
F10 (10% shell) 10 £0.0 Moderate No inhibition
F15 (15% shell) 10 £0.0 Moderate No inhibition
20 (20% shell) 8+ 0.0 Moderate No inhibition
Positive control 81+ 0.0 Moderate No inhibition

Kruskal-Wallis p < 0.001 for S. mutans. Interpretation after Davis and Stout: < 5 mm weak, 5-10 mm moderate, > 10-20 mm
strong. Spearman @ (shell concentration vs zone diameter) = —0.949. The zero standard deviations require clarification (see
Section 2.10).

3.3. Enamel surface microhardness

Every formulation raised enamel microhardness substantially above the demineralized baseline of 132.2 HV, and differences
between formulations were significant at every immersion time, with large effect sizes throughout: 90 min F(4,20) = 113.91, p <
0.001, n? = 0.96; 180 min F(4,20) = 28.63, p < 0.001, n* = 0.85; 270 min F(4,20) = 11.49, p < 0.001, n* = 0.70; and 360 min
F(4,20) = 95.41, p < 0.001, n* = 0.95 (Table 4). Group assignment thus accounted for 70-96% of the variance in hardness at each

time point.

Table 4. Enamel surface microhardness (HV, mean £ SD, n = 5 per cell) by formulation and immersion time.

Formulation

90 min

180 min

270 min

360 min

F5 (5% shell)
F10 (10% shell)
F15 (15% shell)
F20 (20% shell)

Positive control

303.70 £ 19.11 2
224.50 £ 19.14°®
22450 +10.23 ®
132.67 £ 6.62°¢

323.00 £ 19.45%

341.83 £ 21.78 2
237.50 £ 23.70 ®
288.50 + 31.74 ¢
229.50 + 13.52°

332.00 £ 11.30 @

330.17 £ 10.53 2
258.50 £ 3.78 ®
306.50 £ 7.74 ®
286.83 £ 35.59 ®

269.50 £ 18.63°

233.17 £ 24.87°
341.50 + 13.622
165.00 £ 16.84 ¢
331.67 £ 19.62 2

146.83 + 26.24 ¢

ANOVA F(4,20) 113.91 28.63 11.49 95.41
p < 0.001 < 0.001 < 0.001 < 0.001
7? 0.96 0.85 0.70 0.95

Demineralized baseline 132.2 HV. Within a column, values sharing a superscript letter do not differ significantly on Bonferroni-
corrected pairwise comparison (x = 0.05). Levene test p = 0.224 (90 min) and 0.159 (180 min), confirming homogeneity of

variance.
3.3.1. Concentration governs the rate, not the magnitude, of remineralization

The most consequential finding of this study emerges when the four time points are read together rather than separately. Peak
hardness was broadly similar across all four experimental formulations, ranging only from 306.50 to 341.83 HV — gains of 132%
to 159% over the demineralized baseline — and the control peaked at 332.00 HV within the same band. What differed profoundly
was when each formulation reached its peak: 180 min for F5, 270 min for F15, and 360 min for both F10 and F20, with F10 and
F20 still rising when observation ended (Table 5). The same pattern is visible at the eatliest time point, where hardness was
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inversely and almost perfectly related to shell concentration: 303.70 HV at 5%, 224.50 HV at both 10 and 15%, and 132.67 HV
at 20% (Pearson r = —0.947, p = 0.053). The 20% formulation at 90 min was statistically indistinguishable from the untreated
demineralized baseline of 132.2 HV, meaning that at the highest loading essentially no remineralization had occurred in the first
90 minutes. By contrast, the initial rate of hardness gain calculated from 90 min to each formulation’s own peak was highest in the
most concentrated formulations (+0.737 HV/min for F20 against +0.424 HV/min for F5), confirming that the high-loading
pastes were not inert but simply delayed: once mineral transfer began, it proceeded rapidly. Concentration therefore modulates
the kinetics of remineralization rather than its capacity. This distinction has direct formulation consequences, because a dentifrice
is retained on the tooth for minutes, not hours; a formulation whose mineral gain is deferred beyond the clinically realistic contact
window delivers that gain only in an experimental system that sustains contact artificially.

Table 5. Derived remineralization kinetics by formulation.

Formulation Peak HV Time to peak  Gain over baseline  Post-peak loss by AUCqg-360 Mean sustained
(min) 360 min (HV*min) elevation (HV)

F5 (5%) 341.83 180 +209.6 (+158.6%) 108.7 HV (31.8%) 48,945 +181.3

F10 (10%) 341.50 360 +209.3 (+158.3%)  Still rising 34,416 +127.5

F15 (15%) 306.50 270 +174.3 (+131.8%) 141.5 HV (46.2%) 35,384 +131.1

F20 (20%) 331.67 360 +199.5 (+150.9%)  Still rising 31,671 +117.3

Positive 332.00 180 +199.8 (+151.1%) 1852 HV (55.8%) 39,583 +146.6

control

Derived from group means relative to the demineralized baseline of 132.2 HV. AUC computed by the trapezoidal rule over 90—
360 min; mean sustained elevation is the AUC divided by the 270 min observation interval.

3.3.2. The 5% formulation matches the control at peak and exceeds it thereafter

At 90 and 180 min the positive control and F5 behaved almost identically, both peaking at 180 min (332.00 and 341.83 HV
respectively) with no significant difference between them (p = 0.45), while F10, F15 and F20 all remained significantly below both
(p < 0.001 to p = 0.019). At these early time points, in other words, only the 5% biogenic formulation was equivalent to the
marketed sodium fluoride/potassium nitrate product. After 180 min the two cutves diverge sharply. The control lost mineral
rapidly, falling to 269.50 HV at 270 min and 146.83 HV at 360 min — a loss of 185.2 HV, or 55.8% of its peak, at a mean rate of
—1.029 HV/min, retutning the enamel to within 15 HV of its demineralized starting point. F5 declined far more slowly, holding
330.17 HV at 270 min and falling to 233.17 HV at 360 min, a loss of 108.7 HV or 31.8% of peak at —0.604 HV/min. The
difference between the two groups was significant from 270 min onward (p < 0.001), and the effect size in favour of F5 was large
and growing (Cohen’s d = +4.01 at 270 min, +3.38 at 360 min). Integrating hardness over the full observation period quantifies
the practical consequence of this divergence. F5 delivered the largest area under the hardness—time cutrve of any group, 48,945
HV-min, equivalent to sustaining an elevation of +181.3 HV above baseline continuously across the 270 min interval, against
39,583 HV'min and +146.6 HV for the control — an advantage of 24% in integrated mineral gain. The three higher-loading
formulations all fell below the control on this measure (31,671-35,384 HV-min), their late peaks arriving too near the end of
observation to compensate for their slow starts.

Artificial salivary calcium

Calcium concentration in the artificial saliva declined over the immersion period in every group, consistent with net transfer of
calcium from the medium to the enamel surface and thus with active remineralization in all five groups (Table 6). Declines from
the 90 min value to each group’s nadir ranged from 0.48 to 1.19 mg/dL, corresponding to 5.9-14.3% of the statting concentration.
The control showed the largest single depletion (—1.19 mg/dL, —14.3%, reaching its nadir at 270 min), and F5 the largest depletion
among the experimental formulations relative to its own starting point (—0.79 mg/dL, —9.6%, at 180 min) — in both cases
coinciding with the time of peak hardness in the same group, an internal consistency that supports the validity of both measures.
Between-group differences were not significant on the pooled analysis (p = 0.644), and per-time-point analysis found a significant
difference only at 270 min, F(4,20) = 3.67, p = 0.021, n* = 0.42; at 90, 180 and 360 min the groups did not differ (p = 0.769,
0.074 and 0.426 respectively). Salivary calcium was therefore a considerably less discriminating outcome than microhardness in
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this design, a point taken up in the Discussion.

Table 6. Artificial salivary calcium concentration (mg/dL, mean = SD, n = 5 per cell).

Formulation 90 min 180 min 270 min 360 min A to nadir

F5 (5%) 8.19 + 0.58 7.40 + 0.34 7.63 £ 0.37 7.63 £ 0.40 =0.79 (—9.6%)
F10 (10%) 8.07 £ 0.54 7.94 £0.23 7.81 £0.27 7.59 £ 0.37 —0.48 (—5.9%)
F15 (15%) 8.55 £ 0.74 8.02 £ 0.39 7.79 £ 0.25 7.73 £0.31 —0.82 (—9.6%)
F20 (20%) 8.61 £0.73 8.36 £ 1.04 8.16 £ 0.56 7.86 £0.12 —0.75 (—8.7%)
Positive control 8.35 £ 1.10 7.54 £ 0.28 7.16 £ 0.56 7.89 £0.19 —1.19 (—14.3%)
ANOVA p 0.769 0.074 0.021 0.426 —

Levene test p = 0.811 (pooled), confirming homogeneity of variance. Pooled one-way ANOVA across all groups and times, p =
0.644. A fall in medium calcium indicates net uptake by enamel.

Surface ultrastructure

Scanning electron microscopy at 3000 after 180 min immersion showed deposited material covering the enamel surface in all
groups, but with a clear difference in the continuity and uniformity of that coverage. The control produced the smoothest and
most evenly distributed layer, consistent with its nano-scale particle size. Among the experimental formulations, which used shell
powder sieved to 200 mesh, coverage was visibly coarser, and became progressively less uniform as shell concentration and hence
paste viscosity rose. F5 produced the most even and complete surface coverage of the four experimental pastes, closely
approaching the control in appearance, whereas the higher-loading formulations showed patchier deposition with incomplete
coverage of the enamel surface. These observations correspond directly to the hardness data, in which F5 alone matched the

control at 180 min.
4. DISCUSSION

Antibacterial activity of the dentifrice formulations was evaluated against Streptococcus mutans and Escherichia coli using the Kirby—
Bauer disc diffusion method. Sterile paper discs were saturated with suspensions of each dentifrice formulation prepared in sterile
aqua destillata and allowed to equilibrate for 30 min before application. For bacterial inoculation, a sterile cotton swab was immersed
in the prepared bacterial suspension, excess inoculum was removed by pressing the swab against the inner wall of the tube, and
the inoculum was uniformly distributed over the surface of Mueller—Hinton agar by streaking in three directions to obtain a
confluent bacterial lawn. The inoculated plates were allowed to stand for approximately 5 min before the impregnated discs,
together with a blank disc, were placed aseptically on the agar surface using sterile forceps and gently pressed to ensure complete
contact. The plates were incubated at 35-37 °C for 24 h, after which the diameter of the clear inhibition zone surrounding each
disc was measured in millimetres using a vernier caliper. The same procedure was applied to both test microorganisms.
Antibacterial activity was interpreted according to the Davis and Stout classification, with inhibition zones <5 mm considered
weak, 5-10 mm considered moderate, and >10-20 mm considered strong. Calcium concentration in the artificial saliva was
determined following each designated immersion period to characterize mineral exchange between the treated enamel surface and
the surrounding medium. Changes in calcium concentration relative to the initial concentration were interpreted as an indicator
of the direction of mineral flux, whereby a reduction in calcium concentration represented net calcium uptake by the enamel
surface and was considered consistent with active remineralization, whereas an increase represented net calcium release and was
interpreted as evidence of mineral dissolution or demineralization[34,35]. Surface microhardness was assessed as the principal
indicator of enamel mineral recovery using a digital micro-Vickers hardness tester. Following the assigned dentifrice treatment
and immersion period, specimens were embedded in a resin—catalyst matrix within a mould, with the enamel surface designated
for measurement maintained free of embedding material. After polymerization, the specimens were removed from the mould,
residual material was carefully eliminated, and each specimen was positioned securely on the testing stage. Vickers indentations
were produced under standardized loading conditions, and the two perpendicular diagonals of each indentation were measured
using the optical system of the hardness tester. The mean diagonal length was then used to calculate the Vickers hardness value,
with higher hardness values interpreted as greater resistance of the enamel surface to indentation and, consequently, greater
recovery following demineralization. To provide complementary morphological evidence of mineral deposition, representative
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enamel specimens from each experimental group were examined using scanning electron microscopy after 180 min of immersion.
SEM analysis was performed at 3000X magnification to characterize the surface morphology, distribution, continuity, and
apparent coverage of deposited material on the enamel surface. The independent variable was dentifrice formulation, consisting
of four experimental formulations containing P. canaliculata shell powder at 5%, 10%, 15%, and 20% (F5, F10, F15, and F20),
togethet with a commercially available sodium fluoride/potassium nitrate dentifrice as the positive control. The primary
dependent variable was enamel surface microhardness, reflecting the extent of mineral recovery following the demineralization
challenge, while artificial salivary calcium concentration and bacterial inhibition-zone diameter were considered complementary
biochemical and microbiological outcomes[36—38]. Immersion time (90, 180, 270, and 360 min) was incorporated as a temporal
factor to characterize the kinetics of remineralization and determine whether the effect of formulation varied according to the
duration of exposure. This time-resolved approach was intended to distinguish differences in the magnitude of mineral recovery

from differences in the rate at which remineralization occurred and the persistence of the resulting mineral gain.
5. CONCLUSION

This study demonstrates that dentifrices containing 5-20% (w/w) golden apple snail (Pomacea canalicnlata L.) shell powder
combined with a fixed fraction of Melastoma malabathricum 1. fruit produced homogeneous, pH-neutral formulations free of
Escherichia coli and compliant with Indonesian National Standard SNI 12-3524-1995. All formulations substantially increased the
surface microhardness of demineralized human enamel relative to the baseline value of 132.2 HV, with peak hardness ranging
from 306.50 to 341.83 HV, corresponding to a 132—-159% increase. Importantly, shell-powder concentration influenced the
kinetics and durability of remineralization rather than the ultimate remineralization capacity. The 5% formulation reached peak
hardness at 180 min, whereas the 15% formulation peaked at 270 min and the 10% and 20% formulations continued to increase
through 360 min; moreover, hardness at 90 min was strongly and inversely associated with shell concentration (r = —0.947), and
the 20% formulation produced no measurable hardening during the initial 90-min period. Among the experimental formulations,
F5 demonstrated the most favorable overall performance, achieving peak hardness comparable to the commercial sodium
fluotide/potassium nitrate control (341.83 vs. 332.00 HV; p = 0.45) while exhibiting supetior mineral retention over time, with a
31.8% reduction from peak hardness at 360 min compared with 55.8% for the control and a 24% greater integrated hardness gain
(48,945 vs. 39,583 HV min). F5 also exhibited the strongest antibacterial activity against Streptococcus mutans, with an inhibition
zone twice that of the commercial control, whereas antibacterial activity declined progressively with increasing shell-powder
concentration despite the constant M. malabathricum fraction, suggesting that increasing matrix density may have limited the release
or diffusion of bioactive phytochemicals. Collectively, these findings identify the 5% P. canaliculata shell formulation as the most
promising candidate, combining remineralization capacity comparable to a marketed desensitizing dentifrice with greater mineral
retention and stronger S. mutans inhibition. The findings further support the potential valorization of P. canaliculata shell waste as
a locally sourced dental biomaterial within a circular-bioeconomy framework. Nevertheless, the translational significance of these
findings remains preliminary because the study was conducted 7 witro; comprehensive physicochemical and elemental
characterization of the shell-derived material, quantitative phytochemical profiling, rheological assessment, toxicological
evaluation, and well-controlled clinical studies are required before its safety, reproducibility, and clinical effectiveness can be
established.
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