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Abstract

This study compared the remineralization potential of three commercially available
fluoride-free biomimetic formulations containing nanohydroxyapatite (nHAp), casein
phosphopeptide—amorphous calcium phosphate (CPP-ACP), and bioactive glass (BAG)
with a conventional 1450 ppm fluoride-containing dentifrice using cross-sectional micro-
hardness and SEM analyses. Seventy extracted human mandibular molars were randomly
allocated to five groups (n = 14). Artificial carious lesions were created by 72 h of deminer-
alization followed by a 14-day pH-cycling regimen with twice-daily treatment applications.
Cross-sectional microhardness was measured at depths of 30, 50, 100, and 150 pm, and
SEM was used to evaluate morphological changes. Data were analyzed using one-way
ANOVA with appropriate post hoc tests (Tukey’s HSD or Tamhane’s T2, depending on
variance homogeneity) and repeated-measures ANOVA to assess depth-dependent differ-
ences among groups (« = 0.05). Demineralization significantly reduced microhardness at
all depths (p < 0.05). At 30 um, the nHAp, CPP-ACP, and fluoride formulations showed
similar remineralization, whereas the BAG-containing formulation exhibited lower superfi-
cial recovery. At 100-150 um, the nHAp formulation demonstrated the greatest recovery,
followed by the CPP-ACP and BAG formulations, while the fluoride dentifrice showed
progressively lower recovery. A significant depth-by-group interaction confirmed dis-
tinct depth-dependent remineralization profiles. Within the limitations of this in vitro
study, all tested formulations promoted enamel remineralization but exhibited different
depth-dependent recovery patterns.

Keywords: dental enamel; tooth remineralization; hydroxyapatites; caseins; fluorides

1. Introduction

Dental caries is a dynamic, multifactorial disease that results from interactions among
tooth structure, oral microbial composition, and environmental factors such as diet and
saliva, and is characterized by cycles of demineralization and remineralization at the tooth
surface [1,2]. The development of the disease is influenced by factors such as sugar intake,
inadequate oral hygiene, and individual host conditions [3]. The caries process begins
with subclinical caries lesions, progressing to the formation of white spot lesions (WSLs),
which may develop into cavitation at the enamel surface or extend into dentin. WSLs
are characterized by loss of enamel translucency due to subsurface porosity, which alters
the refractive index and results in increased light scattering and reduced fluorescence.
Clinically, they appear as opaque white areas on the enamel surface, while subclinically
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they represent mineral loss beneath a relatively intact surface layer. These lesions are
reversible, as the relatively intact surface layer and porous mineral-deficient structure allow
diffusion of calcium and phosphate ions into the subsurface enamel, enabling mineral
redeposition [4,5].

Remineralization is the process of mineral recovery in demineralized dental tissues
through the re-deposition of calcium and phosphate ions into the crystal structure, forming
hydroxyapatite, fluorhydroxyapatite, or carbonated hydroxyapatite, depending on the
ionic environment. This process occurs when the environmental pH exceeds the critical pH
of the respective tooth mineral, approximately 5.5 for enamel hydroxyapatite, 6.5 for dentin,
and 4.5 for fluorapatite [6-8]. The progression or reversal of lesions depends on the balance
between pathological factors, such as cariogenic bacteria, frequent exposure to fermentable
carbohydrates, and impaired salivary function, and protective factors, including adequate
saliva, fluoride availability, and remineralizing ions [9-11]. Early enamel caries lesions
are defined as non-cavitated lesions characterized by visible changes in enamel color and
reduced mineral density compared with adjacent sound enamel [12]. Therefore, non-
restorative management of early caries lesions has become a key objective of minimally
invasive dentistry [13].

Fluoride has long been used as an effective agent for caries prevention and enhance-
ment of remineralization [14]. By interacting with calcium and phosphate ions, fluoride
promotes the formation of less soluble fluoridated apatite phases [5]. However, rem-
ineralization induced by fluoride is often concentrated in the outer enamel layer, where
fluorapatite and CaF,-like precipitates may form, potentially limiting ion diffusion into
deeper regions of the lesion [15-17]. This depth-dependent remineralization pattern has
prompted increasing interest in biomimetic materials capable of delivering calcium and
phosphate ions directly into deeper regions of the lesion.

To overcome these limitations, biomimetic agents such as nHAp, CPP-ACP, and BAG
have been developed. These materials provide bioavailable calcium and phosphate ions
and may support mineral deposition both at the surface and within subsurface lesion
regions [5].

Due to its structural similarity to enamel apatite, NHAp may integrate into enamel
defects and act as a source of calcium and phosphate ions, facilitating mineral deposition
within subsurface lesions [18-21]. It has also been reported to adsorb to enamel surfaces
and fill interprismatic spaces, contributing to its remineralizing potential [22].

CPP-ACP consists of casein-derived phosphopeptides that stabilize calcium and phos-
phate ions, maintaining them in a bioavailable form and promoting their diffusion into
subsurface enamel lesions, particularly under acidic conditions [15,23-26]. In the presence
of fluoride, CPP facilitates the formation of amorphous calcium fluoride phosphate (ACFP),
further enhancing remineralization [15].

Bioactive glasses react with saliva to form a carbonated hydroxyapatite layer and
release calcium and phosphate ions, thereby supporting remineralization within subsurface
lesions [26,27]. BAG also exhibits antibacterial properties, primarily demonstrated in
in vitro studies, by releasing alkaline ions and increasing the local pH, thereby inhibiting
biofilm formation [28]. The addition of elements such as silver, magnesium, zinc, and
strontium can further enhance these effects [29].

Microhardness testing is widely used to assess changes in dental hard tissues, provid-
ing indirect evidence of demineralization and remineralization through changes in enamel
hardness. Cross-sectional microhardness analysis enables depth-specific quantification
of remineralization and provides insight into mineral distribution gradients within the
lesion body [30]. Additionally, scanning electron microscopy (SEM) provides detailed
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visualization of surface morphology and allows qualitative evaluation of structural changes
after treatment [31].

A variety of agents have been investigated for their remineralization potential on
early enamel lesions. However, variations in lesion models, pH-cycling protocols, and
evaluation methods across studies may influence the reported outcomes and make direct
comparison difficult. Consistent with this, recent systematic reviews have reported consid-
erable heterogeneity among studies, which may limit the comparability of findings and
complicate the interpretation of results [26]. While numerous studies have investigated
the remineralization potential of fluoride and biomimetic agents individually, comparative
data evaluating remineralization at multiple defined subsurface levels under identical
experimental conditions remain limited. In addition, although SEM is commonly used
to examine enamel morphology, many studies primarily focus on surface features, while
cross-sectional evaluation of subsurface changes is not always included. Therefore, this
in vitro study aimed to compare the remineralization potential of commercially available
fluoride-free biomimetic formulations and a conventional fluoride-containing dentifrice at
multiple defined subsurface depths using cross-sectional microhardness and SEM analyses.
The null hypothesis was that the fluoride-free formulations would show no significant
difference in remineralization efficacy at any tested subsurface depth compared with the
1450 ppm fluoride-containing dentifrice.

2. Materials and Methods

This in vitro study investigating the remineralization potential of different commer-
cially available biomimetic formulations and a conventional fluoride-containing dentifrice
on artificially demineralized enamel was approved by the Clinical Research Ethics Com-
mittee of Gazi University Faculty of Dentistry (Approval No. E-21071282-050.99-711205;
Approval Date: 27 July 2023).

2.1. Sample Selection and Preparation

A total of 70 sound, caries-free, unrestored human permanent mandibular first and
second molar teeth extracted for periodontal reasons within the last month were used
to provide enamel specimens in this study. After extraction, the teeth were rinsed with
distilled water and mechanically cleaned using periodontal curettes to remove soft tissue
remnants, followed by polishing with fluoride-free pumice and brush, and rinsed under
running water [32]. The specimens were then stored in distilled water at 37 °C for up to one
month prior to specimen preparation, with daily renewal of the storage solution. A power
analysis was performed using G*Power software (Version 3.1.9.6) to determine the required
sample size. The effect size of 0.50 was estimated based on mean and standard deviation
values reported in previously published in vitro studies on enamel remineralization [33].
Using a significance level («) of 0.05, a statistical power of 80%, and an effect size of 0.50,
the minimum required sample size was calculated as 55 specimens (1 = 11 per group).
To account for potential specimen loss during preparation and experimental procedures,
14 specimens were allocated to each group.

The roots were sectioned from the crowns using a diamond separating disc under
water cooling. Each crown was then sectioned mesiodistally to obtain buccal and lingual
halves. The buccal half was designated as the demineralization and treatment area, and
the lingual half was used as the sound control. Each specimen was embedded in 2 x 2 cm
molds using cold-cure acrylic resin. Specimens were randomly assigned to the experimental
groups using a computer-generated randomization sequence generated with the RAND
function in Microsoft Excel.
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Three 3 x 3 mm windows were prepared: two on the buccal surface and one on the
lingual surface. Adhesive tape was used to define the exposed areas, and the remaining
surfaces were coated with two layers of acid-resistant nail varnish to prevent solution
penetration during pH cycling. Of the two buccal windows, one was designated for dem-
ineralization only, and the other for treatment application. The lingual window served as
the sound enamel reference [32]. Following artificial lesion formation, the demineralized-
reference buccal window was covered with acid-resistant nail varnish and remained sealed
for the remainder of the experiment, whereas the adjacent buccal window remained ex-
posed for treatment application and pH cycling. The enamel surfaces were not flattened,
and all windows were prepared following the natural curvature of the tooth surface. The
window dimensions (3 X 3 mm) were standardized across specimens without adjustment
for surface curvature. Lingual halves were stored in distilled water at 37 °C until the end
of the experiment to preserve their integrity [34].

2.2. Artificial Lesion Formation and pH Cycling

The demineralization and remineralization solutions were prepared using analytical-
grade chemicals and distilled water, following a protocol similar to that described by Cate
et al. [35]. This protocol has been reported to produce subsurface enamel demineralization
without surface erosion [36]. Artificial caries lesions were created using a demineralization
solution (2.2 mM CaCly, 2.2 mM NaHPOy, 0.05 M acetic acid, adjusted to pH 4.4 with
1 M KOH). Buccal windows were immersed for 72 h at 37 °C in an incubator, and the
solution was renewed every 24 h. Each specimen was placed individually in a standardized
container, and 20 mL of solution was added to ensure complete immersion of the exposed
enamel window (3 x 3 mm). The same volume was applied for both demineralization and
remineralization solutions throughout the pH cycling regimen.

After initial lesion formation, a 14-day pH cycling regimen was applied. The deminer-
alization solution used during pH cycling was identical in composition to that used for
initial artificial lesion formation. The duration of the pH cycling protocol was selected based
on previous reports indicating that bioactive glass requires approximately two weeks for
ion release and direct hydroxycarbonate apatite (HCA) formation [37], and that CPP-ACP
systems demonstrate effective remineralization of early enamel lesions within a similar
time frame under dynamic pH conditions [38]. The nominal active components of the
tested formulations differ in their reported ion-release characteristics: BAG releases calcium,
phosphate, sodium, and silicate ions; nHAp provides calcium and phosphate ions; and
CPP-ACP stabilizes and delivers bioavailable calcium and phosphate ions [13].

The daily pH cycling schedule was performed at 37 °C following a protocol similar to
that described by Kumar et al., with specimens immersed in the demineralization solution
for 6 h and in the remineralization solution (1.5 mM CaCl,, 0.9 mM NaH,POy, 0.15 M
KCl, pH 7.0, prepared without the addition of a buffering agent) for approximately 16 h
per day [39]. Both demineralization and remineralization solutions were renewed daily
throughout the pH-cycling period to ensure chemical stability and consistency of the
experimental conditions. The remaining 2-h period of each 24-h cycle was allocated to
rinsing and treatment application procedures. During this interval, the specimens were
removed from the solutions, rinsed with distilled water, and then treated individually with
the respective formulations for 3 min, twice daily (before and after the demineralization
phase), consistent with the recommended twice-daily use of the tested dentifrices. The
3-min contact time was selected based on the manufacturer’s recommended minimum
contact time for CPP-ACP (GC Tooth Mousse) [40] and the same duration was applied
uniformly to all groups to allow direct comparison under identical conditions. This protocol
is also consistent with previously published in vitro remineralization studies [32,41]. The
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specimens were kept in distilled water between and after applications to ensure equal
total exposure time for all specimens. Throughout the 14-day pH-cycling period, the
demineralized-reference buccal window remained sealed with nail varnish and was not
exposed to either the pH-cycling solutions or the tested formulations. In contrast, the
adjacent buccal window remained exposed and received the assigned treatment protocol.

No dentifrice slurry was prepared; instead, the tested materials were applied directly
in their original, undiluted form using a microbrush to cover the 3 x 3 mm treatment
window with an approximate thickness of 1 mm. This approach was preferred to maintain
consistency across materials with different physical forms (e.g., paste and cream) and
to evaluate their intrinsic remineralization potential without dilution effects. After each
application, the specimens were rinsed with distilled water and stored in distilled water
until the next phase of the experimental cycle. The tested formulations included:

e nHAp-containing dentifrice (Biorepair®, Coswell S.p.A., Funo, Bologna, Italy);

e  CPP-ACP-containing dentrifice (GC Tooth Mousse, GC Corp., Tokyo, Japan);

o  BAG-containing dentifrice (BioMin C, BioMin Technologies Ltd., Stoke-on-Trent, UK);

e 1450 ppm fluoride-containing dentifrice (Colgate Triple Action, Colgate-Palmolive,
Guangzhou, China);

e Distilled water (negative control; no dentifrice applied).

A negative control group was included, in which specimens were subjected only to
the pH-cycling regimen without the application of any remineralizing agent. A fluoride-
containing group (1450 ppm) was used as a positive control due to its well-established
remineralization efficacy. The study included fluoride-free biomimetic formulations and a
fluoride-containing formulation, and their compositions are summarized in Table 1.

Table 1. Composition and manufacturer information of the commercial formulations used in
this study.

Commercial Formulation

Manufacturer Composition

Biorepair

Water, zinc hydroxyapatite ¥, glycerin, sorbitol,
hydrated silica, silica, flavor, cellulose gum,
tetrapotassium pyrophosphate, sodium myristoyl
sarcosinate, sodium methyl cocoyl taurate, sodium
saccharin, citric acid, phenoxyethanol, benzyl
alcohol, sodium benzoate.

Coswell S.p.A., Funo,
Bologna, Italy

GC Tooth Mousse

Water, glycerol, CPP-ACP *, D-sorbitol, silicon
dioxide, CMC-Na, propylene glycol, titanium
dioxide, xylitol, phosphoric acid, guar gum, zinc
oxide, sodium saccharin, ethyl p-hydroxybenzoate,
magnesium oxide, butyl p-hydroxybenzoate,
propyl p-hydroxybenzoate.

GC Corp., Tokyo, Japan

BioMin C

Glycerin, silica, polyethylene glycol, sodium lauryl
sulfate, chlorocalcium phosphosilicate *, titanium
dioxide, sweetener, carbopol,

potassium acesulfame.

BioMin Technologies Ltd.,
Stoke-on-Trent, UK

Colgate Triple Action

Glycerin, water, zinc citrate, hydrated silica,
sodium lauryl sulfate, tetrasodium pyrophosphate,
arginine, sodium fluoride (1450 ppm) *, flavor, zinc
oxide, cellulose gum, poloxamer 407, xanthan gum,
benzyl alcohol, sodium saccharin, cocamidopropyl
betaine, phosphoric acid, sucralose, CI 77891.

Colgate-Palmolive,
Guangzhou, China

Abbreviations: CPP-ACP, casein phosphopeptide—amorphous calcium phosphate. * Active remineralizing
ingredient.
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A schematic representation of the experimental design is presented in Figure 1.

Preparation of specimens, embedding in acrylic resin, and creation of three 3 x 3 mm? enamel windows: sound reference
window (lingual), demineralized reference window (buccal), and treatment window (buccal)

l

Demineralization of both buccal windows (demineralized reference window and treatment window)

.

After lesion formation, the demineralized reference window was sealed with nail vamish, the treatment window remained
exposed for the 14-day pH-cycling and treatment protocol, and the sound reference window remained protected throughout
the experiment.

Group 2:
. Fluoride-free s
Grqup L: dentrifice containing Gro_up 3 Group 4: .
Fluoride-free = Fluoride-free Dentrifi . Group 5:
dentrifice ¢ . cfse m . dentrifice containing Ce confaining Distilled Water
N — S = 1450 ppm fluoride
nanohydroxyapatite R bioactive glass
amorphous calcium
phosphate

Preparation of enamel sections and measurement of subsurface microhardness values in the sound reference, demineralized
reference, and treated enamel windows.

!

Preparation of samples for SEM analysis following the same procedural steps as described above

l

Evaluation of cross-sectional morphology using scanning electron microscopy (SEM)

Figure 1. Schematic representation of the experimental design showing sample preparation, deminer-
alization, pH cycling, remineralization treatment, and evaluation steps.

2.3. Microhardness Measurements

All measurements were performed by a single calibrated operator; however, blinding
was not applied. After pH cycling, specimens were sectioned through the center of the
3 x 3 mm buccal and lingual windows in the cervico-occlusal direction using a precision
saw (Isomet 4000, Buehler, Lake Bluff, IL, USA). Microhardness measurements were per-
formed using a Vickers hardness tester (Shimadzu HMV-700, Kyoto, Japan) with a 100 g
load for 15 s at depths of 30 um, 50 um, 100 pm, and 150 um from the surface, and values
were expressed as Vickers hardness numbers (VHN, kg/ mm?). The Vickers hardness test
was selected as it has been reported to be more suitable than the Knoop test for tooth
hardness measurements, owing to its consistent square indentation geometry and ease of
diagonal measurement [42]. The selected load (100 g) and dwell time (15 s) were deter-
mined based on previously described microhardness testing conditions for enamel [43].
The use of a 100 g load enables the formation of clearly measurable indentations, and the
selected dwell time is consistent with a previous study indicating minimal influence of
dwell time variation on microhardness values [44]. The 30 um depth was selected based
on reports indicating that fluoride-induced remineralization is primarily limited to the
superficial enamel layer and may not penetrate beyond approximately 30 um [9,45]. Similar
cross-sectional microhardness studies have evaluated enamel at subsurface depths of 30,
40, 50, and 100 um [46]. The maximum depth of 150 pm was selected in accordance with a
previous study using similar demineralization conditions, which reported lesion depths
of approximately 150-200 um after 96 h of exposure [36]. In the present study, a shorter
demineralization period (72 h) was applied. Intermediate depths (50 and 100 um) were
included to evaluate hardness recovery at intermediate subsurface assessment depths and
to characterize depth-dependent remineralization behavior.
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Three indentations were made at each depth, with a minimum spacing of 150 um
between adjacent indentations to avoid interaction effects, consistent with the recom-
mended minimum distance of 2.5 times the diagonal length [44]. The mean of the
three indentations at each depth was calculated and used for subsequent statistical
analyses. CSMHR was calculated individually for each specimen at each depth us-
ing the matched sound, demineralized, and treated enamel values obtained from the
same tooth. The resulting specimen-level CSMHR values were used for statistical anal-
ysis. The cross-sectional microhardness recovery (CSMHR) percentage was calculated
to determine the degree of remineralization at each depth using the following formula:
CSMHR (%) = (VHNpost-pH—cycling — VHNCarious)/ (VHNpasetine — VHNearious) X 100. In this
formula, VHN}ageline refers to the hardness of sound enamel, VHN . ious Tefers to the
hardness after demineralization, and VHN st pH-cycling Tefers to the hardness measured
after the remineralization treatment. This formula, originally described in early in vitro
remineralization studies and subsequently adopted in numerous enamel remineralization
investigations, enables quantitative assessment of hardness recovery relative to sound
enamel values [30,47]. It represents the ratio between the hardness gain after treatment and
the maximum recoverable hardness difference between sound and demineralized enamel.

To enable integrated hardness deficit assessment consistent with previously described
methodology [48], the area under the hardness-versus-depth curve was calculated indi-
vidually for each specimen using the trapezoidal rule over the measured depth range of
30-150 pm. Integration was performed across the 30-50, 50-100, and 100-150 pm intervals.
Because no direct hardness measurement was obtained at the enamel surface (0 wm), the
0-30 pm region was not extrapolated and was therefore excluded from the integration.
The resulting values were expressed as VHN-pm. The demineralization-associated inte-
grated hardness deficit (ASqayious) Was defined as the difference between the integrated
hardness area of the matched sound enamel profile (Sp,seline) and that of the demineralized
enamel profile (Sgemin). Similarly, the residual integrated hardness deficit after treatment
(ASpost-pH-cycling) Was calculated as the difference between Sbaseline and the integrated
hardness area of the post-treatment enamel profile (spost-pH-cycling)- Integrated hardness
recovery (AAS) was subsequently calculated as AScarious — ASpost-pH-cycling, With higher
values indicating greater recovery of the demineralization-associated hardness deficit. The
upper integration limit of 150 pm corresponded to the deepest predefined microhard-
ness measurement point, selected on the basis of lesion depths reported for comparable
demineralization protocols [36].

2.4. SEM Analysis

Two specimens from each group were prepared for morphological analysis. After
sectioning, specimens were placed in an ultrasonic bath for 30 min to remove the smear
layer and air-dried in a dust-free environment for 48 h. The samples were sputter-coated
with gold—palladium using a vacuum coating device (EMITECH K550X; Emitech Ltd., Ash-
ford, UK) and examined under a scanning electron microscope (EVO-40 series; Carl Zeiss,
Oberkochen, Germany) at an accelerating voltage of 20 kV. Representative images were
obtained at magnifications of x500, x1000, and x2000. The preparation and imaging pro-
cedures followed previously described SEM protocols for enamel specimens [31,49]. SEM
analysis was performed on cross-sectioned enamel specimens as a qualitative method to
assess subsurface morphological characteristics associated with demineralization and rem-
ineralization as widely reported in studies on initial caries-like and erosion lesions [50-52].
In addition, SEM provides high-resolution visualization of structural changes associated
with demineralization and remineralization, supporting the interpretation of microhardness
findings [53].
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2.5. Statistical Analysis

All data obtained from the study were analyzed using IBM SPSS Statistics 22 (IBM
SPSS Inc., Chicago, IL, USA). The normality of data distribution was assessed using the
Shapiro-Wilk test, and homogeneity of variances was evaluated with Levene’s test.

To evaluate the effect of enamel depth on remineralization and to determine whether
depth-dependent recovery profiles differed among the experimental groups, a repeated-
measures analysis of variance (repeated-measures ANOVA) was performed with enamel
depth (30, 50, 100, and 150 um) as the within-subject factor and treatment group as the
between-subject factor. Mauchly’s test was used to assess the assumption of sphericity.
When sphericity was violated, Greenhouse—Geisser corrections were applied.

CSMHR values at each individual depth and integrated hardness parameters (AScarious,
ASpost-pH-cycling, and AAS) were compared among groups using one-way ANOVA. Tukey’s
post hoc test was applied when homogeneity of variances was met, whereas Tamhane’s T2
test was used when this assumption was violated. The level of statistical significance was
set at p < 0.05.

3. Results

Cross-sectional microhardness measurements were performed on the buccal halves
containing demineralized and treated regions, while the lingual halves served as sound
enamel controls. CSMHR values were calculated for each group and statistically compared.
Significant differences were observed among the groups at various measurement depths
(p <0.001).

3.1. Evaluation of Cross-Sectional Microhardness

No statistically significant differences were observed among the groups in terms of
AScarious Values (one-way ANOVA, p = 0.102), indicating comparable initial lesion severity.
Following demineralization, subsurface microhardness values were significantly reduced
in all groups compared with sound enamel (p < 0.001). After treatment with the tested
formulations, a significant increase in microhardness was observed, indicating partial
remineralization (p < 0.001). Table 2 presents the mean (£SD) Vickers microhardness
(VHN, kg/ mm?) values of baseline (sound), carious (demineralized), and post-pH-cycling
(remineralized) enamel at depths of 30, 50, 100, and 150 pum for each group, while the
corresponding depth-dependent microhardness profiles are illustrated in Figure 2.

Table 2. Mean (+SD) Vickers microhardness (VHN, kg/mm?) values of baseline, carious, and
post-pH-cycling enamel at different depths for all groups.

Group Depth Ba;ii:;: f(s)l]l)nd) Carious Mean + SD Poiz-faljl-iyscgng p! p?
nHAp 30 um 231.46 £ 29.40 144.54 + 14.51 203.15 £ 23.44 p <0.001 p <0.001
50 um 248.85 4+ 17.39 170.31 + 10.77 225.15 4 14.48 p <0.001 p <0.001
100 um 262.54 + 13.15 176.08 + 15.25 240.23 4+ 13.47 p <0.001 p <0.001
150 um 250.92 4+ 17.87 185.08 + 20.57 226.92 4+ 13.86 p <0.001 p <0.001
CPP-ACP 30 um 249.75 4+ 14.29 147.42 +9.76 22292 4+ 15.66 p <0.001 p <0.001
50 um 24475 4+ 12.20 163.33 + 9.60 223.25 +16.59 p <0.001 p <0.001
100 pm 246.17 £+ 12.85 183.50 4+ 11.27 216.67 £ 7.25 p <0.001 p <0.001
150 um 249.67 £ 22.56 191.92 + 14.11 221.67 4= 14.52 p <0.001 p <0.001
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Table 2. Cont.
Group Depth Bals\ii:; :_LS(SnE)nd) Carious Mean + SD Poifl-salr{;iyscgng p! p?
BAG 30 um 22591 £+ 10.14 142.75 4+ 14.69 179.91 + 10.63 p <0.001 p < 0.001
50 pm 230.33 4+ 13.06 161.41 + 14.10 184.25 + 11.74 p <0.001 p < 0.001
100 pm 238.66 + 17.49 163.58 + 15.84 200.83 4+ 16.53 p <0.001 p <0.001
150 um 234.66 + 10.69 187.58 4+ 14.12 210.41 £+ 9.88 p <0.001 p < 0.001
Fluoride 30 um 228.69 + 16.72 128.31 +13.73 205.15 + 19.96 p <0.001 p <0.001
50 um 227.69 + 15.04 151.92 + 9.53 188.46 + 7.56 p <0.001 p < 0.001
100 pm 236.00 4+ 22.93 160.46 + 12.09 177.23 + 8.71 p <0.001 p < 0.001
150 pm 229.08 + 21.68 180.38 + 10.36 183.15 +9.89 p <0.001 p < 0.001
Control 30 um 228.62 + 10.47 132.69 4+ 12.63 137.08 +11.92 p <0.001 p <0.001
50 um 237.38 + 15.82 149.92 4+ 13.98 153.77 + 12.28 p <0.001 p <0.001
100 pm 238.08 + 22.68 158.00 + 13.31 162.15 + 14.59 p <0.001 p <0.001
150 pm 240.54 £+ 24.70 161.38 + 21.29 164.00 £+ 20.16 p <0.001 p =0.019
p* value for sound vs. demineralized comparison (paired t-test), p value for demineralized vs. remineralized
comparison (paired -test) All within-group comparisons were statistically significant (p < 0.05).
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Figure 2. Cross-sectional microhardness (VHN, kg/ mmz) values of enamel at different depths (30, 50,
100, and 150 um) for each experimental group. Data are presented as mean + standard deviation.
Error bars indicate standard deviations. (a) nHAp, (b) CPP-ACP, (c¢) BAG, (d) Fluoride, (e) Control.

3.2. Comparison of Recovery Percentages Among Groups

CSMHR (%) values were calculated to quantify the remineralization efficiency of the
tested formulations (Table 3). Significant differences were observed among the groups at
all measured depths (one-way ANOVA, p < 0.001).
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Table 3. Mean (+5D) CSMHR (%) values of enamel at different depths for all groups.
Depth (um) nHAp CPP-ACP BAG Fluoride Control p Value
30 67.02+735P 73954 1244P 4478 £5512 7580 +11.74° 4474254  p<0.001
50 6931 +7.76° 7263 +£1059P  33.054+3.682 4829 + 9.66 9 446 £294°¢ p <0.001
100 68.31 +4.97P 5240 +8.622 4926+ 6642 2268 +7324 529 +£344°¢ p <0.001
150 64.46 +9.08° 5225+ 8.612 4854 +£8.342 5.60+£293¢ 3.12 +458°¢ p <0.001

abed Different superscript letters indicate statistically significant differences among groups at the same depth
(one-way ANOVA, post hoc Tamhane’s T2 test).

At 30 um, the control group showed the lowest recovery percentage (4.47 £ 2.54%),
significantly lower than all other groups (p < 0.001). The BAG formulation demonstrated
lower recovery (44.78 £ 5.51%) than the nHAp formulation (67.02 £ 7.35%), CPP-ACP
formulation (73.95 £ 12.44%), and fluoride formulation (75.80 £ 11.74%) (p < 0.05). No sig-
nificant differences were observed among the nHAp, CPP-ACP, and fluoride formulations
(p > 0.05).

At 50 um, significant differences were observed among the groups (p < 0.001). The
control group again exhibited the lowest recovery (4.46 £ 2.94%), followed by the BAG
formulation (33.05 £ 3.68%), which showed significantly lower recovery than the nHAp,
CPP-ACP, and fluoride formulations (p < 0.05). The fluoride formulation exhibited lower
recovery (48.29 + 9.66%) than the nHAp formulation (69.31 £ 7.76%) and CPP-ACP
formulation (72.63 £ 10.59%) (p < 0.05), whereas no significant difference was observed
between the nHAp and CPP-ACP formulations (p > 0.05).

At 100 um, significant differences were observed among the groups (p < 0.001). The
nHAp formulation exhibited the highest recovery (68.31 4= 4.97%), significantly higher than
the BAG, CPP-ACP, and fluoride formulations (p < 0.05). The control group showed the
lowest recovery (5.29 £ 3.44%), whereas the fluoride formulation demonstrated signifi-
cantly lower recovery than the BAG and CPP-ACP formulations (p < 0.05). No significant
difference was observed between the BAG and CPP-ACP formulations (p > 0.05).

At 150 pm, the nHAp formulation again demonstrated the highest recovery
(64.46 £ 9.08%), significantly higher than all other groups (p < 0.05). The BAG and CPP-
ACP formulations showed comparable recovery rates, both significantly higher than the
fluoride formulation and the control group (p < 0.05). No significant difference was ob-
served between the fluoride formulation and the control group at this depth (p > 0.05).
These findings are summarized in Table 3 and illustrated in Figure 3.

To evaluate whether treatment effects varied according to enamel depth, a repeated-
measures ANOVA was performed with depth as the within-subject factor and group as
the between-subject factor. Because Mauchly’s test indicated a violation of sphericity
(p = 0.024), Greenhouse—-Geisser corrections were applied. A significant main effect of
depth was observed (F(2.643, 153.318) = 80.979, p < 0.001, partial n? =0.583). A significant
depth x group interaction was also observed (F(10.574, 153.318) = 54.160, p < 0.001, par-
tial n% = 0.789), indicating that the remineralization profile differed among groups across
enamel depths.

AAS (VHN-um) analysis revealed statistically significant differences among the groups
(p < 0.001). The nHAp and CPP-ACP formulations exhibited the greatest integrated
hardness recovery, with no statistically significant difference between them (p > 0.05). Both
groups demonstrated significantly higher AAS values than the BAG, fluoride, and control
groups (p < 0.05). No significant difference was observed between the BAG and fluoride
formulations (p > 0.05), while the control group showed the lowest values. These findings
are summarized in Table 4.
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Figure 3. Depth-dependent cross-sectional microhardness recovery (CSMHR, %) across subsurface
enamel depths (30, 50, 100, and 150 um) for all experimental groups (nHAp, CPP-ACP, BAG, Fluoride,
and Control). Error bars indicate standard deviation (SD).

Table 4. Mean (£SD) values of the demineralization-associated integrated hardness deficit (AS¢arious),
residual integrated hardness deficit (ASpost-pH-cycling), and integrated hardness recovery (AAS) for all
groups. Values are expressed in VHN-um.

Group AScarious ASpostphcycing  AAS

(Mean + SD) (Mean + SD) (Mean + SD)
nHAp 9587 + 2316 2828 + 9274 6760 £+ 1733 @
CPP-ACP 8450 £ 1503 3196 + 7832 5254 + 10712
BAG 8175 4+ 1489 4571 + 851°P 3604 + 733 P
Fluoride 8650 + 2041 5695 + 1731 P 2955 4 759 b
Control 10,003 + 2186 9552 + 2048 © 452 £193 ¢

AScarious Values did not differ significantly among groups (one-way ANOVA followed by Tukey’s post hoc
test, p=0.102). Different superscript letters indicate statistically significant differences among groups for
ASpost-pH-cycling and AAS values (one-way ANOVA followed by Tamhane’s T2 post hoc test, p < 0.05).

3.3. Scanning Electron Microscopy (SEM) Observations

Representative SEM images obtained from the cross-sectional surfaces of sound, dem-
ineralized, and treated enamel specimens are shown in Figure 4. Morphological changes
observed along the cross-sections are described below. Sound enamel exhibited a smooth
and compact surface with clearly identifiable prism and interprismatic structures. Fol-
lowing demineralization, a porous and irregular surface morphology with evident prism
dissolution was observed, consistent with enamel demineralization. After remineralization,
surface alterations were observed in all treatment groups. The nHAp group showed a
relatively continuous surface layer with apparent surface features within interprismatic
regions. The CPP-ACP group demonstrated partial occlusion of surface porosities by
amorphous-appearing deposits. The BAG group exhibited irregular surface deposits. In
contrast, the fluoride group presented surface changes primarily confined to the outer
enamel layer.
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Demineralized

CPP-ACP

Fluoride

Figure 4. Representative SEM images obtained from the cross-sectional surfaces of sectioned
enamel specimens at x500, x1000, and x2000 magnifications. (a—c) Sound enamel demonstrating a
compact and uniform morphology with clearly distinguishable enamel prisms and interprismatic regions.
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(d—f) Demineralized enamel characterized by disruption of prism architecture and the presence
of surface and subsurface porosities. (g-i) nHAp-treated specimens showing a relatively uniform
surface layer with apparent extension into interprismatic areas. (j-1) CPP-ACP-treated specimens
displaying amorphous-appearing deposits with partial occlusion of porosities and residual voids.
(m-0) BAG-treated specimens presenting irregularly distributed surface deposits and partial coverage
of interprismatic spaces. (p—r) Fluoride-treated specimens exhibiting surface features predominantly
confined to the outer enamel region. (s—u) Demineralized control specimens maintaining porous
morphology. The orientation of the cross-section (outer enamel surface indicated by the arrow) is
consistent across all panels.

4. Discussion

This in vitro study compared the remineralization potential of commercially available
formulations containing nHAp, CPP-ACP, and BAG with a 1450 ppm fluoride-containing
dentifrice on artificially demineralized enamel using a 14-day pH-cycling model. All
tested formulations produced statistically significant increases in microhardness following
treatment, indicating remineralization under the present experimental conditions. However,
the extent and depth-distribution of remineralization differed among the formulations,
reflecting differences in their observed depth-dependent remineralization profiles.

Over recent decades, clinical and scientific evidence has demonstrated the benefits
of minimally invasive dental treatments. One of the main objectives of this concept is the
remineralization of initial caries lesions [11]. Fluoride remains the most established non-
invasive approach for enhancing enamel resistance through fluorapatite formation [54,55].
Nonetheless, evidence suggests that fluoride primarily targets the outermost enamel layer,
with limited penetration beyond approximately 10-30 um [11,16]. This limited diffusion
capacity, particularly in deeper non-cavitated lesions, has led to interest in biomimetic
strategies that provide bioavailable calcium and phosphate to support subsurface mineral
replacement [4,9]. In light of these considerations, the depth-dependent behavior of the
tested formulations warrants careful evaluation.

In this study, the nHAp-containing formulation demonstrated the most consistent
hardness recovery across all assessment depths. This finding is consistent with previous
reports suggesting that nanometer-scale apatite particles may contribute to remineraliza-
tion by increasing the local availability of calcium and phosphate ions and by providing
nucleation sites for apatite deposition [13,56]. Similar depth-dependent superiority of
the nHAp-containing formulation over the fluoride-containing formulation was reported
by Tschoppe et al. [57]. Consistent with these findings, Swarup et al. [58] showed that
10% nHAp exhibited significantly higher microhardness recovery and Ca/P ratios than
2% NaF in an in vitro model. Taken together, these observations suggest that the nHAp-
containing formulation may support remineralization at multiple subsurface levels within
the limitations of the present model. Similar to the results of Tschoppe et al. [57], the
nHAp-containing formulation maintained comparatively higher recovery values than the
fluoride-containing formulation at increasing depths, although direct extrapolation to
clinical lesion behavior should be made with caution.

The CPP-ACP-containing formulation also produced significant remineralization at all
depths, with greatest improvement at 30 um and a gradual reduction at deeper levels. This
trend is consistent with the proposed mechanism of CPP-ACP, which has been reported to
stabilize calcium and phosphate ions in metastable nanocomplexes [59]. Several studies
have reported strong remineralization at both surface and subsurface levels with CPP-
ACP [59,60]. However, our results differ to some extent from Vyavhare et al. [41], who
found that CPP-ACP provided lower remineralization than nHAp at all stages. In contrast,
in the present study, the CPP-ACP-containing formulation achieved remineralization levels
statistically comparable to fluoride and nHAp at shallow depths. This discrepancy may
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be attributed to differences in application frequency. Whereas Vyavhare et al. applied
CPP-ACP once daily, our protocol involved twice-daily 3-min applications, which may
have contributed to the enhanced performance observed in this experimental setting.
These findings suggest a potential dose- and frequency-dependent effect that should be
considered when interpreting CPP-ACP outcomes across studies. The AAS values of the
nHAp- and CPP-ACP-containing formulations did not differ significantly, suggesting
comparable overall remineralization despite the depth-dependent differences observed in
their CSMHR profiles.

The fluoride-containing formulation showed the highest remineralization effect at
30 um among the tested formulations but exhibited progressively lower recovery values at
greater measurement depths, suggesting a predominantly surface-associated effect under
the present experimental conditions. This aligns with the commonly reported surface-
limited mechanism of fluoride [9,16,45]. The specific fluoride-containing phases formed
during remineralization may depend on factors such as fluoride concentration, pH, and
exposure duration. Previous studies have shown that conventional dentifrice-level fluoride
(1450 ppm F) primarily promotes the formation of low-fluoride fluorhydroxyapatite at
the enamel surface, whereas prolonged fluoride exposure favors more extensive CaF, and
fluorapatite formation at greater depths [61]. Given the short-duration, twice-daily applica-
tion protocol used in the present study, a predominantly fluorhydroxyapatite-mediated
surface reaction may plausibly explain the observed surface-associated hardness recovery.
However, this interpretation remains speculative because no chemical characterization was
performed. These considerations further highlight the potential relevance of adjunctive
strategies when targeting deeper enamel regions.

The BAG-containing formulation displayed a different remineralization profile, with
comparatively lower improvement at 30 and 50 um but greater remineralization than
fluoride-containing formulation at 100 and 150 um. This is consistent with previous re-
ports suggesting that the remineralization potential of BAG may be associated with the
release of calcium, phosphate, and silicate ions, followed by hydroxycarbonate apatite
formation [45]. These processes may help explain the hardness recovery observed at deeper
assessment depths in the present study. However, the near-surface improvement in the
present study was lower than that reported by Bakry et al. [62], who found strong surface
recovery comparable to fluoride when BAG was kept in prolonged contact with enamel
via bonding. Our findings likely reflect the shorter contact time in a dentifrice-simulation
protocol. Based on previous reports, the formation of an initially amorphous HCA layer
that gradually matures into a more crystalline structure may help explain the relatively
lower surface hardness observed within the 14-day period [63]. These observations suggest
that the performance of BAG-containing formulations may depend on exposure duration
and delivery mode rather than on the intrinsic properties of the nominal active component
alone. It should also be noted that commercial BAG formulations vary considerably in
composition and particle characteristics. The BAG-containing dentifrice used in the present
study was BioMin C, a fluoride-free formulation containing a calcium-chloride-based bioac-
tive glass, whereas Bakry et al. [62] investigated a 4555 sodium-calcium-phosphosilicate
formulation. Previous studies have shown that different BAG compositions may exhibit
distinct ion-release profiles and physicochemical behaviors, which could contribute to
variations in remineralization outcomes reported across studies [46]. Therefore, differences
in formulation characteristics, including composition, particle characteristics, delivery
vehicles, application protocol, and contact time, should be considered when comparing
findings across investigations, as these factors may influence the availability and diffusion
of remineralizing ions, ultimately affecting remineralization outcomes [64].
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When assessed using the integrated hardness recovery parameter (AAS), the nHAp-
and CPP-ACP-containing formulations demonstrated significantly greater overall inte-
grated hardness recovery than the BAG- and fluoride-containing formulations, whereas no
significant difference was observed between the BAG- and fluoride-containing formula-
tions. The control group showed the lowest integrated hardness recovery. Although the
fluoride-containing formulation demonstrated the highest recovery at the most superficial
measurement depth (30 pm), its predominantly surface-associated remineralization profile
may have contributed to a lower integrated hardness recovery than the biomimetic formu-
lations. Conversely, the BAG-containing formulation showed integrated hardness recovery
comparable to that of the fluoride-containing formulation despite its greater contribution
at deeper assessment depths, suggesting that its lower superficial recovery offset its deeper
recovery pattern within the present experimental timeframe.

The combined use of cross-sectional microhardness and SEM analysis strengthened
interpretation by providing both quantitative and qualitative information. Microhard-
ness measurements at multiple depths allowed differentiation of surface-dominant and
subsurface-acting effects [30], while SEM provided qualitative visualization of cross-
sectional morphological changes following treatment. Although transverse microradio-
graphy (TMR) is considered a gold-standard technique for quantifying mineral density
changes [65], cross-sectional microhardness has been widely accepted as a reliable indirect
indicator of enamel remineralization under controlled in vitro conditions.

SEM observations revealed that sound enamel exhibited a smooth and compact mor-
phology with intact prism structures, whereas demineralized specimens presented irregu-
lar and porous surfaces consistent with demineralization. Following treatment, distinct
morphological patterns were observed among the groups. Specimens treated with the BAG-
containing formulation showed heterogeneous surface deposits; specimens treated with the
CPP-ACP-containing formulation demonstrated partial occlusion of interprismatic spaces
by amorphous-appearing deposits; and specimens treated with the fluoride-containing
formulation exhibited surface features predominantly confined to the outer enamel surface.
In contrast, specimens treated with the nHAp-containing formulation exhibited surface
features consistent with a relatively continuous layer, with apparent extension into inter-
prismatic regions. The untreated control group retained a porous morphology. Overall,
these morphological findings corresponded with the microhardness results; however, SEM
observations should be interpreted as qualitative support rather than direct evidence of
mineral penetration depth.

Several methodological factors enhance the reliability of this study. Using sound, dem-
ineralized, and treated regions within the same tooth reduced inter-tooth variability [32].
However, because sound enamel measurements were obtained from the lingual surface
whereas demineralized and treated measurements were obtained from the buccal surface,
inherent anatomical differences between these surfaces may have contributed to variability
in sound enamel hardness values. Human enamel was selected to maximize clinical rele-
vance [66] and surface preparation was avoided to preserve natural lesion morphology [67].
Daily renewal of solutions ensured chemical stability throughout cycling [35], and the
14-day protocol was selected to reflect the reported time course of biomimetic systems
such as CPP-ACP and nHAp and the HCA formation period for BAG [63]. It should be
noted that lesion morphology is influenced by the experimental conditions; therefore, the
findings should be interpreted within the framework of the applied protocol. Furthermore,
the tested formulations were applied undiluted for 3 min without brushing or salivary
dilution to standardize exposure across materials with different physical forms. As this
protocol does not reflect routine dentifrice use, differences in formulation consistency, sur-
face retention, and application mode may have influenced the observed remineralization
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outcomes, as similarly reported in previous in vitro pH-cycling studies [68], and should
therefore be considered when interpreting the present findings.

As with all in vitro studies, the present findings should be interpreted with caution, as
artificial caries models cannot fully reproduce the structural and biofilm-mediated complex-
ity of natural lesions. Although pH cycling simulates demineralization-remineralization
dynamics, it does not fully reproduce the oral environment, where salivary proteins, the
acquired pellicle, and oral biofilm may influence ion diffusion and the behavior of rem-
ineralizing agents [69,70]. Previous studies suggest that saliva may enhance CPP-ACP
localization on enamel [71], that protein adsorption around nHAp particles may affect
nHAp-enamel interaction [72], and that the pH-increasing and antibacterial effects of BAG
may be more relevant under biofilm-associated conditions [73]. In addition, BAG-based
materials may benefit from longer surface contact times to facilitate ion release and hydrox-
ycarbonate apatite formation; therefore, their performance under the present experimental
conditions should be interpreted with caution [62]. Another limitation is that commercially
available formulations rather than isolated active ingredients were evaluated. Accordingly,
the observed effects should be interpreted as the performance of the tested formulations
rather than the isolated effects of their nominal active ingredients. Furthermore, the tested
products could not be fully standardized due to limited manufacturer information, includ-
ing the particle size of the nHAp-containing formulation. Because particle size influences
specific surface area and may affect remineralization behavior, this should be considered
when interpreting the present findings, although nano-scale dimensions have been reported
for similar nHAp particles [74,75]. Additionally, pH values of the tested formulations were
not confirmed for all products, which may influence ion availability and remineralization
outcomes; the pH of GC Tooth Mousse is reported as approximately 7.8. Furthermore, op-
erator blinding was not performed during specimen preparation and treatment application,
which may have introduced a potential source of bias.

Despite these limitations, the present study provides a controlled comparison of the
remineralization potential of the tested commercial formulations under identical experimen-
tal conditions. The observed depth-dependent patterns may offer useful insights into their
potential behavior in non-cavitated lesions; however, extrapolation to clinical conditions
should be made with caution, and further in situ and clinical studies are required. Future
research should employ in situ or clinical models and consider alternative delivery vehicles
for BAG to maximize surface retention. Methods such as transverse microradiography may
also provide more detailed information on mineral distribution. Further studies incorporat-
ing deeper and more superficial measurement points are recommended to provide a more
comprehensive characterization of lesion depth.

Within the limitations of this study, all tested formulations demonstrated reminer-
alization capacity, but their depth-dependent behavior varied. The fluoride-containing
formulation predominantly enhanced the most superficial assessed region, the CPP-ACP-
containing formulation showed greater superficial recovery with moderate recovery at
deeper levels, the BAG-containing formulation exhibited comparatively greater recovery
at deeper assessment depths, and the nHAp-containing formulation demonstrated com-
paratively uniform recovery across the evaluated depths within the present model. These
findings may support consideration of biomimetic formulations as adjunctive options in
minimally invasive caries management, particularly when subsurface remineralization is
desired. Further in situ and clinical studies are needed to establish long-term efficacy and
guide evidence-based application protocols.
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5. Conclusions

Within the limitations of this in vitro study, all tested formulations promoted hardness
recovery in artificially demineralized enamel. However, the extent of recovery varied
according to assessment depth. The nHAp-containing formulation demonstrated the most
consistent hardness recovery across all evaluated depths, whereas the CPP-ACP-containing
formulation showed greater recovery in superficial regions with reduced effectiveness
at increasing depths. The BAG-containing formulation exhibited comparatively greater
recovery at deeper assessment depths but lower superficial recovery, while the fluoride-
containing formulation produced the greatest recovery at the most superficial measurement
depth, with progressively reduced recovery at deeper levels. These findings indicate distinct
depth-dependent hardness-recovery profiles among the tested commercial formulations.
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CSMHR Cross-sectional microhardness recovery
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