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Abstract: This in vitro study aimed to evaluate the preventive action of topical fluoride application
combined with laser irradiation under different pH conditions using Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM). A total of 180 samples of human dental
enamel were prepared and divided into groups: Negative Control, Fluoride (FFA 12.300 µF−/g),
Laser (Nd:YAG 84.9 J/cm2), and Laser + Fluoride (Nd:YAG 84.9 J/cm2 + FFA 12.300 µF−/g). The pH
cycling was performed at three different pH conditions: pH 5 (below the critical pH for hydroxya-
patite), pH 4.5 (below the critical pH in the presence of fluorapatite), and pH 4 (investigating acid
resistance of hydroxyapatite and fluorapatite forms with laser irradiation). In the FTIR analysis, the
Laser + Fluoride group demonstrated statistically significant differences compared to the Nega-
tive Control group and Fluoride group at pH 4.5 and pH 4 when evaluating the phosphate bands.
Similar results were observed in the SEM analysis, where the Laser + Fluoride group exhibited
lower demineralization compared to the other treatments at pH 4.5 and pH 4. In conclusion, the
Laser + Fluoride group demonstrated a significant reduction in demineralization even at pH levels
below the critical threshold for fluorapatite, highlighting its superior acid resistance compared to
fluoride alone.

Keywords: caries prevention; fluoride; Nd:YAG; FTIR spectroscopy

1. Introduction

Despite significant advancements in the study and prevention of dental caries, this
disease remains highly prevalent [1]. According to the WHO Global Oral Health Status
Report (2022), an estimated 3.5 billion people worldwide are affected by dental caries,
making it the most common disease globally, as reported by the Global Burden of Disease
2019 [2]. Considering this situation, continuous progress in caries prevention and control is
strongly encouraged.

Dental caries is a multifactorial chronic disease that occurs due to an imbalance in
the demineralization and remineralization processes that take place on the tooth surface.
The process of demineralization and remineralization is influenced by the composition of
dental tissues, which primarily consist of inorganic components, enabling ionic exchanges
between the oral structure and oral fluids. As a result, the dental structure can experience
the loss, gain, or maintenance of ions, depending on variations in pH levels and their
impact on the structure’s solubility [3].

Demineralization occurs when dental tissues lose minerals such as calcium and phos-
phate due to the medium being undersaturated with respect to these minerals, leading
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to their dissolution. On the other hand, remineralization is a natural protective process
through which existing minerals in saliva become incorporated into the teeth, especially
when the medium is supersaturated with the minerals, facilitating their precipitation. The
development of caries lesions takes place when the demineralization process surpasses the
capacity for remineralization [3,4].

Fluoride plays a crucial role in caries prevention by interfering with the demineraliza-
tion and remineralization processes [5,6]. By utilizing high-concentration fluoride products
such as gels and varnishes, fluorine ions are incorporated into the existing hydroxyap-
atite crystal, resulting in the formation of fluorapatite. Fluoride ions being smaller in size
than hydroxyl ions (which are a component of hydroxyapatite), allow for improved ion
organization; as a result, fluorapatite has lower solubility then hydroxyapatite. Another
beneficial aspect is that it can lead to the creation of calcium fluoride, which remains
on the surface and serves as a fluoride reservoir during both the demineralization and
remineralization processes [3,5].

Lasers have been present in dental research evaluating changes in hard tissues since
1964 [7]. High-powered lasers such as neodymium:yttrium–aluminum–garnet (Nd:YAG)
have been extensively studied as an alternative for caries prevention since the same time.
They enhance the acid resistance of tooth structure and exhibit a synergistic effect with flu-
oride, leading to reduced enamel solubility [8]. The solubility change occurs due to a reduc-
tion in water and carbonate content, an increase in the proportion of hydroxyl component,
alterations in the shape and size of hydroxyapatite crystals, formation of pyrophosphates,
protein decomposition, and the development of new crystalline phases [8–10].

Studies involving the use of Nd:YAG lasers and fluoride products such as fluoride
varnishes and gels have demonstrated positive results [9–12]. Both fluoride varnishes and
fluoride gels have been applied on an outpatient basis and have shown the ability to create
calcium fluoride reservoirs within the tooth structure, and they exhibit similar tolerances
for prolonged periods [13]. The use of acidulated fluoridated gel is particularly beneficial,
as its acidic pH promotes better availability of calcium ions, leading to positive effects on
the tooth surface [3].

Whereas fluoride treatment makes the surface more resistant to demineralization, the
critical pH of the surface is altered. The critical pH for enamel is the pH value that is
below the limit in which tooth demineralization occurs. The generally accepted value for
dental enamel is pH = 5.5; however, in the presence of fluoride this value changes to 4.5 [3].
Therefore, analyzing different preventive treatments for dental caries under varying pH
conditions appears to be an effective approach for comparing their preventive potential.
In addition, it is useful for evaluating whether the critical pH of the surface treated with
Nd:YAG laser and fluoride can be altered.

Considering the structural characteristics of dental elements and the demineralization
process present in dental caries, chemical analyses are valuable for evaluating this process.
Fourier Transform Infrared Spectroscopy (FTIR) has been widely recognized for its utility in
chemically characterization of biological tissues [8,12,14–16]. By evaluating the interaction
between electromagnetic radiation and tissues, it allows for quantitative assessment of
tissue composition in a quick, non-destructive, and non-invasive way [12,16].

The objective of this study was to evaluate the preventive action of topical application
of fluoride (FFA 12.300 µF−/g) combined with laser irradiation (Nd:YAG, 84.9 J/cm2)
under different pH conditions using FTIR and Scanning Electron Microscopy (SEM).

2. Materials and Methods
2.1. Experimental Design

Samples of caries-free human dental enamel (n = 180) homogenized by surface micro-
hardness were divided into four treatment groups (n = 45): Negative Control, Fluoride,
Laser, and Laser + Fluoride. The objective was to evaluate the preventive action of these
treatments under different pH conditions; thus, the groups were subdivided to simulate
in vitro caries at varied pH levels. The groups that underwent fluoride or laser treatment
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followed established parameters from the existing literature. After preparation and treat-
ment, the groups were further subdivided into three groups for pH cycling: pH 5, pH
4.5, and pH 4 (Figure 1). Subsequently, samples were evaluated using Fourier Transform
Infrared Spectroscopy and Scanning Electron Microscopy.
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Figure 1. Schematic representation of the experimental design.

2.2. Sample Preparation

Forty-five permanent human molars extracted by orthodontic indication were selected
for the study after approval by the Research Ethics Committee (CAAE: 02854118.3.0000.0075).
All samples were examined by visual inspection, and teeth with visual defects on the enamel
surface such as decay and enamel fractures were eliminated. The teeth were disinfected ac-
cording to the White Protocol [17] and transformed into 180 enamel blocks (4 × 4 × 2 mm)
using a cutting machine (Accutom-5, Struers, Ballerup, Denmark). The samples were pol-
ished with an abrasive disc under decreasing granulation: 400-grit, 600-grit, and 1200-grit
(Carbimed Paper Discs, Buehler, Lake Bluff, IL, USA) under pressure 1 N and cooling
with water in a polisher (EcoMet® 250/300 Grinder Polisher, Buehler, Lake Bluff, IL, USA),
followed by a 1 µm. diamond suspension-embedded polishing cloth (METADI Diamond
suspension, Color Polishing Water-spray, Buehler, USA). The samples were sonicated in
distilled and deionized water for 3 min (Cuba Ultrassom Cristofoli, Sao Paulo, Brazil) and
stored in relative humidity at 4 ◦C throughout the experiment.

The surface microhardness (SMH) is one of the standard measurements used for
baseline analysis [18]. The baseline surface hardness was assessed using a microhardness
tester (HMZ-2000, Shimadzu, Kyoto, Japan) with a Knoop diamond under 25 g loading
for 5 s, making ten indentations in the center of the sample, from which the mean SMH
was calculated. Samples with SMH between 360 and 420 Knoop hardness were selected
for study.

2.3. Experimental Groups

The samples were randomly assigned to four treatment groups (n = 45/group):

• Negative Control: Non-treated
• Fluoride: Topical application of fluoride (FFA 12.300 µF−/g)
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• Laser: Irradiation with Nd:YAG (84.9 J/cm2)
• Laser + Flouride: Irradiation with Nd:YAG (84.9 J/cm2) and topical application of

fluoride (FFA 12.300 µF−/g)

Each group was subdivided into three for pH cycling: pH 5, pH 4.5, and pH 4 (n =
5/subgroup), for three similar conditions:

• pH 5: The enamel surface tends to demineralize in the form of hydroxyapatite below a
critical pH, but not in the form of fluorapatite, which is more acid resistant.

• pH 4.5: The enamel surface tends to demineralize in the form of hydroxyapatite and
in the form of fluorapatite below a critical pH.

• pH 4: This pH was used to investigate the acid resistance of hydroxyapatite and
fluorapatite forms in the presence of laser irradiation.

2.4. Treatment of Samples

Fluoride was applied at a concentration of 12.300 µF−/g (Biodinamica, Ibipora, Brazil),
in an amount of 1 mL per sample and was maintained for 4 min. After 30 min, the surface
was washed with deionized water.

Irradiations was performed with an Nd:YAG laser (PulseMaster 1000 ADT, Corpus
Christi, TX, USA), presenting a wavelength of 1064 nm and temporal width of 100 µs. The
energy was delivered through a fiber-optic system with a spot size of 300 µm. Previously,
the samples received a layer of photoabsorbent in the form of a pure coal solution diluted
in equal parts deionized water and 99% ethanol, then applied with a brush.

The parameters used for irradiation were selected based on positive results from
previous studies and their demonstrated safety for pulp tissue [10,12,19,20]. The Nd:YAG
laser was used at 60 mJ energy per pulse (84.9 J/cm2), with a repetition rate of 10 Hz and a
power of 0.6 W for a duration of 30 s for each sample. Considering that irradiation occurred
in contact mode, no collimator was used during the process. For increased precision
during irradiation, a high-precision motorized translator (ESP300, Newport Corporation,
Irvine, CA, USA) was used and the energy per pulse was calibrated with an energy/power
meter (FieldMaster, Coherent, Santa Clara, CA, USA). The group samples were irradiated
with intercalation for distribution of the experimental error and temperature variations of
the equipment.

2.5. pH Cycling

The pH cycling method was originally proposed by Featherstone et al. (1986) [21] and
later modified by Argenta et al. (2003) [22]. The samples were exposed to the demineralizing
solution for 3 h and to the remineralizing solution for 21 h over a period of 10 days.

The demineralizing solution consisted of 2.0 mM Ca, 2.0 mM P, and 0.030 ppm F in
0.075 M acetate buffer solution. The remineralizing solution (pH 7.4) contained 1.5 mM Ca,
0.9 mM P, 150 mmol KCl, and 0.050 ppm F in 20 mM cacodylate buffer.

For the purposes of this research, the pH cycling regime was modified. The demineral-
izing solution was adjusted to three different pH conditions (pH 5, pH 4.5, and pH 4) by
using HCl to increase the acidity of the solution. The pH measurements were conducted
using a pH/ISE Meter (Dual Star, Thermo Scientific Orion, Waltham, MA, USA).

2.6. Fourier Transform Infrared Spectroscopy

A Fourier Transform Infrared spectrophotometer (Nicolet 6700, Thermo) equipped
with an attenuated total reflection accessory (ATR; Smart Orbit, Thermo Scientific) with a
diamond crystal of 2.25 mm2 was utilized. The spectra were obtained with a resolution of
4 cm−1. Each sample underwent 100 scans within the interval of 4000–400 cm−1, and the
averaged spectrum of each sample was subsequently derived from the scans.
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To minimize uncontrolled errors, samples from each group were randomly inter-
spersed during the analysis. The measurement environment was maintained at a constant
temperature of 20 ◦C and air humidity control was in place. The analysis table was cleaned
using a tissue soaked in 70% alcohol.

OMINIC software was employed for data processing. The background spectrum was
initially collected in order to subtract any environmental contributions, enhancing the
reliability of subsequent sample analysis. The background measurement process lasted
approximately 10 min, after which a new background spectrum was collected with the
environmental conditions. Subsequently, the data were processed using software developed
by the IR Hard Tissue group (BR512019001094-9, IPEN, Sao Paulo, Brazil).

2.7. Scanning Electron Microscope

All samples were analyzed using a Scanning Electron Microscope (SEM; TM 3000
Tabletop Microscope, Hitachi, Chiyoda, Japan) at 15 kV. The analysis was conducted at two
time points: before the treatments and cycling, and after the cycling. Both images were
captured at a magnification of 4000×. All laboratory experiments were carried out by the
same operator.

2.8. Statistical Tests

The outlier values were removed using ROUT outlier analysis (Q = 1%). The normality
of the FTIR data was assessed using the Shapiro–Wilk test. The data demonstrated a
parametric distribution, and groups were compared using ANOVA with Dunnett’s multiple
comparisons test. The software utilized was GraphPad Prism 5®, and a significance level
of 5% was adopted.

3. Results
3.1. Fourier Transform Infrared Spectroscopy

The bands analyzed in this study were Phosphate (900–1200 cm−1) and Carbonate
(1350–1450 cm−1). After obtaining the spectrum of each sample, an average spectrum was
obtained (Figure 2). Subsequently, the area over each band was calculated for statistical
analysis (Table 1).
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Table 1. The mean percentage ± standard deviation of the area over the phosphate and carbonate
bands analyzed at different cycling pHs.

Phosphate

Group pH 5 pH 4.5 pH 4

Negative Control 0.0136 ± 0.0031 0.0146 ± 0.0052 a 0.0142 ± 0.0017 a

Fluoride 0.0175 ± 0.0030 0.0148 ± 0.0041 a 0.0150 ± 0.0028 a

Laser 0.0177 ± 0.0056 0.0173 ± 0.0019 ab 0.0124 ± 0.0061 a

Laser + Fluoride 0.0189 ± 0.0047 0.0186 ± 0.0025 b 0.0196 ± 0.0041 b

Carbonate

Group pH 5 pH 4.5 pH 4

Negative Control 0.0023 ± 0.0003 0.0034 ± 0.0008 0.0041 ± 0.0004
Fluoride 0.0025 ± 0.0003 0.0032 ± 0.0009 0.0042 ± 0.0009

Laser 0.0024 ± 0.0008 0.0024 ± 0.0006 0.0042 ± 0.0009
Laser + Fluoride 0.0018 ± 0.0005 0.0030 ± 0.0005 0.0036 ± 0.0008

Different letters indicate statistically significant differences (ANOVA test + Dunnett’ multiple comparisons test).

Phosphate and Carbonate Analysis

When comparing the phosphate content at different pH levels, it was observed
that the values tended to decrease in more acidic conditions irrespective of the treat-
ment. At pH 5, which is considered critical for enamel but below the critical value when
fluoride is present, no significant differences were found between the groups. How-
ever, at pH 4.5 the Laser + Fluoride treatment showed a statistically significant differ-
ence compared to the Negative Control and Fluoride groups. At pH 4, the proposed
Laser + Fluoride treatment exhibited a significant difference when compared to all other
groups. At pH 4, neither the Fluoride treatment nor the Laser treatment alone were able
to prevent phosphate loss. There was no significant difference observed compared to the
Negative Control group (Figure 3).
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The evaluated carbonate exhibited higher values in more acidic pH conditions. Specifi-
cally, the values ranged from 0.0018 to 0.0022 at pH 5, 0.0023 to 0.0033 at pH 4.5, and 0.0036
to 0.0042 at pH 4 (Table 1). However, there were no significant differences observed among
these values (Figure 4).
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3.2. Scanning Electron Microscope

In the image below, taken at an original magnification of 4000×, the enamel appears
to be in a healthy state before the treatment. No cracks or defects are observed, and the
enamel surface exhibits appropriate polishing. Additionally, enamel prisms are clearly
visible in the image (Figure 5).
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After the treatment and pH cycling, all samples were subjected to SEM analysis. A
representative image from each group was carefully selected and included in Figure 4 (Figure 6).
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Figure 6. Representative images of each group. (A) Smoky appearance, suggestive of the initial stages
of demineralization. (B,C) Advanced demineralization, with a significant loss of structural continuity.
(D) Healthy, without signs of demineralization or structural damage. (E) Loss of the central portion of
the enamel prisms. (F) Advanced demineralization. (G) Healthy. (H) Demineralization without loss
of enamel continuity. (I) advanced demineralization. (J) Healthy. (K) Small points of demineralization,
without loss of the central portion of the prism. (L) Small points of demineralization, without loss of
the central portion of the prism.

4. Discussion

The prevention of dental caries is an ongoing area of research and there is a constant
need to enhance preventive measures given that it remains a significant global public health
issue. The literature supports the preventive effect of Nd:YAG laser application, which is
attributed to its ability to increase acid resistance [9,11,12,23–27]. This demonstrates that
the combination of Nd:YAG laser treatment and other preventive strategies is already an
established reality based on the existing scientific literature.
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The increase in acid resistance after irradiation with the Nd:YAG laser is due to
chemical and microstructural modification of the enamel resulting from the thermal effect,
causing fusion and resolidification of the enamel crystals [8,25,28]. When considering the
protection of the pulp tissue against this heating effect, it is crucial to understand that the
Nd:YAG laser emits a wavelength of 1064 nm, which is poorly absorbed by water and
hydroxyapatite in the enamel, leading to its transmission through the enamel. To address
this issue, conventional practice involves using photosensitizers, such as pure charcoal, to
enhance surface absorption and control pulpal damage, thereby enabling safe irradiation
within the prescribed parameters (84 J/cm2) [9,10,26].

The irradiated enamel undergoes an alteration in the organic matrix characterized
by the evaporation of water and carbonate [26,29]. Another alteration is the formation of
small amounts of new crystallographic phases such as tetracalcium phosphate in the α- and
β-phases. In addition to chemical modification, it is possible to identify an increase in the
average size of hydroxyapatite crystals [8,12]. The new crystalline phases are less resistant
to demineralization; therefore, it is possible that the main factor associated with a higher
acid resistance is the alteration of the carbonate. The evaporation of water and carbonate
decreases the proportion of both in the mineral structure, increasing the proportion of other
minerals in the enamel. The reduction of carbonate is beneficial because it is a more soluble
mineral and makes the surface more prone to demineralization [8,26].

The use of fluoride in caries prevention aims to enhance resistance against acid chal-
lenges and facilitate remineralization. When topically applied in high concentrations,
it enables the formation of fluoride reservoirs on the dental surface. Moreover, when
combined with high-power laser irradiation the effect on acid resistance is significantly
amplified. The interaction between fluoride and laser contributes to reducing the solubility
of the enamel [10]. The irradiation process enhances fluoride absorption by increasing the
contact surface resulting from melting [30]. Another potential mechanism involves the
prolonged retention of fluorine on the irradiated surface as compared to using fluorine
alone [8]. Additionally, it has been suggested that surface heating may induce the formation
of fluorapatite through the incorporation of fluorine into molten enamel layers [9].

The increase in phosphate content after Nd:YAG laser irradiation is already evident
in the literature [10–12,16,24]. The analysis of phosphate absorbance under different pH
conditions in this study complements the existing literature. At pH 5, a noncritical condition
for enamel treated with fluoride, the performed treatments showed no statistical differences
compared to the control group. At pH 4.5, a critical condition for fluoride-treated enamel, it
was possible to differentiate treatment with fluoride alone, where there was no significant
difference with the negative control, from the Laser + Fluoride group, which did show
significant differences. This condition suggests that the increased acid resistance conferred
by the Laser + Fluoride treatment alters the critical pH of the tooth structure. At pH 4, even
below the critical pH, the combined treatment group showed a significant difference in
mineral content. Considering that this measurement was made after pH cycling, meaning
that there was a higher phosphate content, these results verify the lower demineralization
present in the Laser + Fluoride group.

The change in carbonate absorbance has been evidenced in other studies using the
same laser with the same parameters; however, in these studies measurements were made
after treatment without pH cycling [12,26]. In one study that evaluated the absorbance
after pH cycling, the data corroborate those found in our study, showing no statistical
difference after cycling [12]. It is possible that the effect on carbonate reduction is altered
by the induction of demineralization.

Less demineralization can be evidenced in the morphological analysis performed by
SEM. Our data corroborate those of Harazaki et al., who found less demineralization in
SEM analysis of the enamel surface after treatment with Nd:YAG [31]. Another study
demonstrated that high energy levels can alter the surface in an undesirable way, causing
cracks and glazed surfaces [9]. These alterations were not observed in the microscopic
images in this work. Yamada et al. found these alterations at 120 mJ energy [32].
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It was not possible to observe any melting on the irradiated surface in the images
obtained after pH cycling. Hossain et al. found melting on the surface of irradiated enamel
immediately after Nd:YAG treatment; this surface modification was not seen after pH
cycling [28]. Andrade et al. found a decrease in the elevation of the margins and the
fused appearance of the enamel after dissolution of the superficial layer of enamel after
simulating caries [33].

Morphological analysis under different pH conditions allowed us to evaluate the struc-
tural differences in demineralization. The Negative Control group showed the beginnings
of demineralization even at pH 5, with a smoky pattern that was different from the other
groups. At pH 4.5, the Negative Control and Laser group showed demineralization, the
Fluoride group lost some central portions of the prisms, and the Laser + Fluoride group
remained healthy. The difference between treatments was even more evident at pH 4,
where the Laser + Fluoride group was the only group with a mostly healthy structure.

In vivo studies have demonstrated that the combination of Nd:YAG laser (84.9 J/cm2)
and topical application of fluoride (FFA) is a clinically viable practice with positive results.
In a study involving 33 volunteers, this combined approach led to a remarkable 39.2%
reduction in caries incidence compared to the control group. Moreover, the group receiving
Nd:YAG laser and fluoride application exhibited significantly smaller numbers of white
spots compared to the fluoride-only group [10]. Another in vivo study with 52 children at
high risk for caries evaluated the effects of Nd:YAG laser (73.9 J/cm2). The results showed
that this treatment effectively prevented lesions in the occlusion of teeth for one year [9].

This treatment appears promising for individuals with a high risk of caries, including
patients undergoing radiotherapy and orthodontic treatment. A clinical study involving
patients undergoing orthodontic treatment revealed that isolated Nd:YAG laser (40 J/cm2)
treatment led to a mean increase of 141% in white spots in the irradiated group after one
year, while the control group had a twofold increase (287%) [31].

In addition to its preventive applications, laser irradiation has proven beneficial in
treating tooth hypersensitivity, preventing tooth erosion, and addressing various other
oral health conditions. However, to further advance preventive research and optimize the
utilization of laser irradiation it is crucial to conduct additional studies focusing on long-
term effects and comprehensive clinical evaluations. These research efforts will contribute
to a deeper understanding of the potential benefits and safety aspects of laser treatments
for oral health, paving the way for broader and more effective applications in dental care.

5. Conclusions

Combined Nd:YAG laser (84.9 J/cm2) treatment and topical application of fluoride
demonstrated promising results in terms of dental mineral content and demineralization
prevention. The study showed higher phosphate absorbance in FTIR, indicating increased
surface mineral content and reduced demineralization at both pH 4.5 and pH 4.

Morphological analysis in SEM revealed that less demineralization occurred in the
Fluoride group and the Laser + Fluoride group at pH 4.5. Remarkably, at pH 4 the
Laser + Fluoride group displayed the most significant reduction in demineralization com-
pared to other groups.

The data suggest that the proposed combined treatment effectively reduces demineral-
ization even under conditions that are typically considered to be below the critical threshold
for fluoride-treated enamel. Moreover, the acid resistance provided by this treatment ap-
proach may potentially alter the critical pH of the enamel with regard to demineralization,
offering a promising avenue for caries prevention.
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