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Abstract: This study aims to investigate whether toothbrushes with fluoride-infused bristles have
any (re)mineralisation effects on bovine enamel. Bovine incisors (N = 160) were extracted, and the
buccal side of the crown was cut into dimensions of ~5 mm x 5 mm with a low-speed saw. These
specimens were randomly allocated into four groups: half (80 teeth) were stored in demineralising
solution (DM), and the other half were stored in deionised water (DW) for 96 h. Then, they were
brushed with a force of 2.0 £ 0.1 N for five min with a manual toothbrush with either fluoride-infused
(TF) or regular (TR) bristles. Microhardness (Vickers), X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS), and scanning electron microscopy (SEM) were used to investigate the
surfaces of the bovine enamel specimens before and after brushing. Two-way ANOVA was used
to analyse the hardness data, and the pairwise comparison method was used to analyse the Ca/P
ratio, for each group at o« = 0.05. The results show that brushing with either of these toothbrushes
increased the Vickers microhardness on DM and DW enamel (p < 0.001), whereas hydroxyapatite
was revealed in all groups by XRD. The DM samples showed a significant increase (p < 0.05) in the
Ca/P ratios after brushing with TR and TF. Conversely, under DW conditions, these ratios decreased
significantly after brushing. In terms of the F atomic%, TF increased significantly. SEM revealed
mineral deposition in the DM groups after toothbrushing. To conclude, toothbrushing effectively
induces the microhardness of sound and demineralised enamel, while fluoride-infused bristles might
be able to retain fluoride on the enamel surface.
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1. Introduction

Fluoride addition is one of the most used methods for caries control and prevention [1-3].
The most common source of fluoride is from toothpaste use, and it is widespread globally.
Almost all commercially available toothpaste contains a certain amount of fluoride, with
typical concentrations of 1000 parts per million fluoride (ppm F), ranging from low fluoride
at 500 ppm F to high fluoride at 1500 ppm F [4,5] using the compounds of, e.g., sodium
fluoride (NaF), stannous fluoride (SnF,), or Monofluorophosphate (MFP,). Evidence has
suggested that high-fluoride toothpastes better protect against caries compared to low-
fluoride toothpastes [1,6,7]. However, there is a clear association between the former and the
risk of developing fluorosis among children [8,9], mainly due to their misingestion [10,11].
Thus, the US Food and Nutrition Board of the Institute of Medicine issued a daily rec-
ommendation of fluoride intake for specific age groups in 1997 [12], with the suggestion
that the tolerable fluoride amount increases with age/weight. Nevertheless, studies from
different countries over the past 20 years have shown that the amount of toothpaste used
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by children aged 2-7 was much higher than recommended, estimated at a mean of 0.4 g per
brushing [13], indicating a likelihood of a higher concentration of fluoride being ingested
per brushing.

The prevention of dental caries has always been the priority in dentistry, as it is
more time- and cost-effective than its treatment. At the personal level, the combined use
of a toothbrush together with toothpaste is always important because (1) a toothbrush
can physically remove the biofilm that excretes acid, which can demineralise enamel and
dentine [14], and (2) toothpaste contains fluoride that can remineralise the damaged enamel
and dentine [15,16]. At the government level, water fluoridation has been in use for more
than 70 years, with the mean amount suggested to cause fluorosis approximately 0.06
(£0.01) mg(F)/kg body weight and an upper limit of 1 ppm [17]. The decline in dental
caries accompanied by the rise in the prevalence of fluorosis in communities with both
fluoridated and non-fluoridated water have raised public concern about the necessity and
efficiency of water fluoridation [18]. Concerns have also been raised about the safety of
water fluoridation [19,20]; studies have even related fluoridation with various medical
conditions, such as child development impairment [21], an increase in hypothyroidism
risk [22], neurotoxicity, and cancer [23,24]. However, adverse effects have been seen with
ingestion/water fluoridation doses over the recommended limits. Therefore, a reduction
in the concentration of fluoride added into the water supply has been implemented in
different communities [20]. Studies also support the fact that there are no chemical or
biological differences found between artificially and naturally fluoridated water [25,26].
On the other hand, researchers have found that the increased use of topical fluoride such
as fluoride varnish [27] and silver diammine fluoride [28] can significantly reduce the
prevalence of dental caries, particularly in non-fluoridated water areas [29].

While topical fluoride application remains the safest and most effective method for
preventing dental caries, in this study, novel toothbrushes with sodium fluoride (NaF)-
infused bristles were tested to see whether they provide a direct benefit to enamel or at
least directly prevent fluorosis-causing toothpaste ingestion. With the aim of this study
being to investigate the enamel remineralisation efficacy of toothbrushes with NaF-infused
bristles, the null hypothesis was that toothbrushes with regular and NaF-infused bristles
have similar effects on remineralising sound or damaged enamel.

2. Materials and Methods
2.1. Specimen Grouping and Study Design

Figure 1 shows a flow chart of this study. Bovine incisors (N = 160) were extracted and
the buccal side of the crown was cut into dimensions of ~5 mm x 5 mm with a low-speed
saw. Bovine teeth were used because their enamel microstructures are close to those of
humans, with a larger flat area [30]. These specimens were randomly allocated into four
groups: half (80 teeth) were stored in demineralising solution (DM) and the other half were
stored in deionised water (DW) for 96 h. Then, they were brushed for five min with a force
of 2.0 £ 0.1 N with a manual toothbrush that had either fluoride-infused (TF) or regular
(TR) bristles. Microhardness (Vickers), X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDS), and scanning electron microscopy (SEM) were used to investigate the
surfaces of the bovine enamel specimens before and after brushing.

Whole bovine mandible jaws were purchased from a local market after slaughter for
human consumption, in agreement with regulations of the Committee on the Use of Live
Animals in Teaching and Research (CULATR) of The University of Hong Kong. Incisors
were extracted, and soft tissues were debrided from the surface of the enamel and stored
in deionised water at 4 °C for less than 3 days before use. No molars/pre-molars were
used in this test. The crowns were inspected for hypoplasia, cracks, and white spot lesions,
with samples exhibiting these characteristics being excluded; only surfaces that were intact
were used.
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Figure 1. Summary of design, including sample size in each test (1). Samples were treated with
demineralising solution (DM) or deionised water (DW) and were brushed with either a regular (TR)
or NaF-infused toothbrush (TF).

Poly(methyl methacrylate) (PMMA) rings were used as moulds for embedding speci-
mens, with dimensions of 15 mm in height, 30 mm in diameter, and 2 mm in wall thickness.
Polyvinylsiloxane dental laboratory duplicating materials (Elite double 22, Zhermack, Ba-
dia Polesine, Italy) and cold-curing denture base material (ProBase®, Ivoclar Vivadent Inc.,
New York, NY, USA) were used for embedding the specimens. The silicone was mixed at a
catalyst-to-base ratio of 1:1, and cold-cure PMMA was mixed at a liquid-to-powder ratio of
1:1.5. Both were prepared according to the instructions and followed the recommended
setting time suggested by the manufactures.

A reverse technique was used to embed the specimens: The specimen was first placed
at the centre of the ring, with the labial surface of the incisor facing downwards; then, a
thin layer of silicone slurry was poured in. After the silicone had set, the acrylic mixture
was poured in. The thin silicone layer was then removed after the acrylic had set, leaving a
window of at least 5 mm x 5 mm of labial enamel exposed on the top, while the lingual side
of the enamel was attached to the acrylic. Then, these samples were successively polished
with silica carbide (SiC) abrasive paper with numbers 220, 400, 800, and 1200. Each sample
was polished for 5 s on papers with different grit sizes. Treatments were then performed
after polishing.

2.2. Toothbrushes

Toothbrushes with regular and sodium fluoride (NaF)-infused bristles were kindly
supplied by DuPont Filaments (Shanghai, China). The bristles were made of Tynex and
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each toothbrush with NaF-infused bristles contained 2-3 wt% of NaF. The tuft head size
was approximately 1.5 cm in length and 8 mm in width. Each specimen was brushed for
5 min while maintaining a force of about ~2.0 &= 0.1 N on the brush head to simulate the
force of brushing in an oral environment [31], with a stroke length of 1.5 cm. In addition,
about 5 mL of deionised water was applied every 2 min to keep the sample hydrated.

2.3. Demineralising Solution

The demineralising buffered solution was prepared with approved chemicals and
deionised water, which consisted of 2.2 mM CaCl,, 2.2 mM KH,POy, and 0.05 M acetic acid;
the pH was adjusted to pH 4.4 using 1 M KOH according to Ten Cate and Duijsters [32].
Samples were immersed in the solution (10 mL/sample) for 96 h, which produced artificial
carious lesions approximately 100-150 um in depth. The pH was measured daily using a
pH meter and corrected to pH 4.4 with 1 M KOH or 1 M HCL

2.4. Specimen Surface Testing
2.4.1. Microhardness (Vickers)

A total of 80 random samples were analysed for microhardness testing, consisting of
4 groups of 20 samples. A diamond pyramid indenter was used with a Leitz Microhardness
Tester (Leitz Inc., New York, NY, USA). The loading time was 10 s with a load of 100 g
(0.981 N). The sample size was determined by G*Power software (version 3.1.9.7, Heinrich-
Heine-Universitdt, Diisseldorf, Germany), with Vickers microhardness as the primary
outcome, an effect size of 0.4, an « error probability (type I error) of 0.05, and power of 0.8.

2.4.2. X-ray Diffraction (XRD)

One specimen from each group was randomly selected for crystallographic structure
analysis. An X-ray diffractometer (Smart Lab, Raigaku, Tokyo, Japan) with continuous
scanning was used to obtain data, using medium-resolution Parallel-Beam Cu-K« radiation
(A = 0.154059 nm) with a tube current and a voltage of 200 mA and 45 kV, respectively. The
background spectrum was obtained solely by the specimen holder, and a wafer holder
of 3-6 mm was used in all tested samples. Data determination was performed at 15° to
45° two-theta with a 0.05-degree step size at a scanning speed of 3 (equivalent to 20 s per
degree). Spectrum analysis was performed using MDI Jade 6 software (Materials Data Inc.,
Livermore, CA, USA). Crystal peaks were identified manually with the assistance of the
joint committee on power diffraction files (JCPDS).

Hydroxyapatite (HAP) and fluorapatite (FAP) standard spectra were obtained from
JCPDS (nos. 090432 and 158756). The corresponding crystal lattice peaks were labelled
with the corresponding Miller indices (h.k.1).

2.4.3. Energy-Dispersive X-ray Spectroscopy (EDS)

All EDS samples were viewed at a magnification of x200, the spectrum count was
standardised to 20,000 for the elemental spectrum, and the take-off angle of the detector
was set at 35°. Samples were observed with the scanning electron microscope (SU1510,
Hitachi, Tokyo, Japan) using IXRF Iridium Ultra (IXRF Systems, Inc., Austin, TX, USA)
analytical software to analyse the content of carbon (C), oxygen (O), fluorine (F), sodium
(Na), phosphorus (P), and calcium (Ca). F atomic % was compared between all groups,
and the Ca/P atomic ratio was calculated for each sample based on the identified Ca and P
emission lines.

2.4.4. Scanning Electron Microscopy (SEM)

Selected samples before and after toothbrushing were prepared for SEM (SU1510,
Hitachi, Tokyo, Japan) imaging by drying in the open air at room temperature for at
least 30 min. The dried samples were coated with platinum 80% and palladium 20% in
a magnetron sputter (MSP-2S, IXRF Systems, Inc., Austin, TX, USA). Samples were also
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viewed microscopically with the SU1510 scanning electron microscope (Hitachi, Tokyo,
Japan) at various magnifications from x100 to x3000.

2.5. Statistical Analysis

The mean and standard deviation (mean =+ S.D) of the samples from the microhardness
(Vickers) tests were calculated. Data normality was assessed by a Shapiro-Wilk test. One-
way and two-way analysis of variance (ANOVA) were used to check the main effect of
microhardness and interactions between different toothbrushes (TF & TR) and different
storing conditions (DW & DM). The Mann-Whitney U and Friedman statistical tests were
performed to analyse the statistically significance of the Ca/P ratio and F intensity of
different groups from the EDX tests. All statistics were computed using Statistical Package
for the Social Science version 23 (SPSS 23) (IBM, Armonk, NY, USA). « = 0.05 was set as the
level of statistical significance.

3. Results
3.1. Microhardness (Vickers)

Table 1 lists the mean microhardness of the samples in all groups. The two-way
ANOVA (Table 2) shows that before toothbrushing, all the enamel treated with DW had a
higher hardness than the DM samples (p < 0.001), and after toothbrushing, in comparison,
their microhardness increased significantly (p < 0.001), both with TF and TR. However, in
both DW- and DM-treated enamel, the difference between TF and TR was not statistically
significant (p > 0.05).

Table 1. The mean and standard deviation of microhardness of different treatments (before brushing,
and after brushing with a regular toothbrush (TR) and with a toothbrush with fluoride-infused
bristles (TF)) under different conditions (DW: deionised water, DM: demineralised enamel).

Treatment Condition Mean * (VHN) Std. Deviation
) DW 467.40 A 94.16
Before Brushing

DM 281.04 € 48.88
5 DW 528.99 B 61.29
DM 341.400 54.75
DW 572.27 B 87.97

TR
DM 359.63 D 60.39

* Different superscripts indicate statistical significance (p < 0.05).

Table 2. Two-way ANOVA on the mean microhardness of different groups. Dependent variable:
hardness.

Type III Sum of

Source Squares df Mean Square F Sig.
Corrected Model 1,750,780.258 @ 5 350,156.052 68.815 0.000
Intercept 26,024,739.699 1 26,024,739.699 5114.536 0.000
Treatment (before vs. TF vs. TR) 252,108.366 2 126,054.183 24.773 0.000
Condition (DW vs. DM) 1,376,346.367 1 1,376,346.367 270.488 0.000
Treatment x condition 5029.674 2 2514.837 0.494 0.611
Error 783,611.567 154 5088.387
Total 29,745,514.233 160
Corrected Total 2,534,391.825 159

4R Squared = 0.691 (Adjusted R Squared = 0.681)
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3.2. X-ray Diffraction (XRD)

Crystallographic spectra (Figure 2) were generated for different treatments and con-
ditions, and the results before and after brushing were compared. The HAP standard
spectrum obtained from JCPDS confirmed the identity of the generated peaks with match-
ing sharp peaks at 30° to 35° at two-theta peaks of (211), (112), and (202). No obvious
difference was found.
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Figure 2. XRD spectrum of samples after treatment with DM and DW (a) before and (b) after
toothbrushing with TF or TR. No changes were found except two impurity peaks (labelled as
hollowed inverted triangle and star) in the DM_TR group before toothbrushing.

3.3. Energy-Dispersive X-ray Spectroscopy (EDS)

The Ca and P atomic% were extracted from the analytical software and used to
calculate the Ca/P ratio (Table 3); on the other hand, the fluoride atomic% was extracted
and compared with the other groups. A non-parametric Friedman test was performed for
different conditions, and the DM samples after TR and TF showed a significant increase
(p < 0.05) in the Ca/P ratios. Conversely, under DW conditions, these ratios decreased
significantly after brushing. In terms of the F at% group, TF increased significantly.

Table 3. Mean and standard deviation of Ca/P ratio and F at% of different treatments (before
brushing, and after brushing with a regular toothbrush (TR) and a toothbrush with fluoride-infused
bristles (TF)) under different conditions (DW: deionised water, DM: demineralised enamel).

Treatment Condition Ca/P Ratio * F at% *
DW 124 +0104 1.26 +0.25P
Before
DM 126 £0.124 1.39 +£0.30 P
- DW 1.04 +0.02B 221+ 052E
DM 1.50 4+ 0.35 € 2.02 4+ 0.44E
R DW 1.04 +£0.00 B 1.50 +0.35 P
DM 1.44 4+ 030°€ 1.26 £0.20P

* Different superscripts indicate statistical significance (p < 0.05) in Friedman’s test.

3.4. Scanning Electron Microscopy (SEM)

Figure 3a—c show evidence of enamel demineralisation in the DM group, as identified
by the ‘fish-scale’-shaped figures, which are the exposed individual enamel rod units. At a
magnification of x 3k, the small and lumpy topography within each enamel rod is evidence
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of tightly packed HAP crystals, whereas cracks are observed on the demineralised enamel
surface (Figure 3a, denoted with red arrows). After brushing with TR, a very thin layer
of minerals was deposited on the edges of the perikymata (red arrow, Figure 3b). By
contrast, a large area of minerals was deposited on the demineralised enamel surface in the
DM group using TF brushing (area within the dashed lines, Figure 3c). In the DW group
(Figure 3d-f), the morphology is relatively smooth. Only small pits or holes are found on
the surface (denoted with blue arrows). No obvious morphological change is observed
before and after brushing.

Before Brushing

Figure 3. Representative enamel surface images (a) after storing in demineralising solution be-
fore brushing; after brushing with (b) toothbrush with regular bristles and (c) toothbrush with
fluoride-infused bristles; (d) after storing in deionised water before brushing; and after brushing with
(e) toothbrush with regular bristles and (f) toothbrush with fluoride-infused bristles. Red arrows:
cracks; blue arrows: pits and holes.

4. Discussion

In the current study, the null hypothesis was accepted as remineralization was ob-
served for demineralised enamel after toothbrushing using toothbrushes with either
fluoride-infused or regular bristles. However, by using the toothbrush with fluoride-
infused bristles, a significantly higher amount of fluoride on the enamel was identified,
which has potentials in supplementing fluoride and thus preventing dental caries.

This study revealed that brushing with either a regular or fluoride-infused tooth-
brush will cause an increase in the hardness of enamel. Tooth enamel was subjected to
microhardness testing using a Vickers indenter. A decrease in the hardness of enamel is
often associated with carious lesions, while the hardening of enamel is an indication of
remineralisation [33-36]. Bovine enamel was used in this study, but its hardness cannot
be directly compared with that of human enamel. Nevertheless, studies have proven that
there are no quantitative differences, and these results could act as a model and possibly
be extrapolated for use as references in clinical trials [37,38]. The literature recommends
the use of Vickers microhardness indentation instead of Knoop indentation in measuring
enamel hardness [39]. Because the shape of the indenter is a symmetrical square and can
always be conserved, any indentation on a non-flat surface or on dentin can be identified
immediately. Meredith and co-workers [40] proposed that Knoop indentation is better,
since the indenter produces both long and short diagonals that can cover a wider range of
measured material surfaces to give more accurate results. Vickers indentation was used in
this study since the indenter was smaller in area compared to Knoop’s, more indentation
areas could be taken.
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The reported baseline hardness values for bovine enamel range from 299 to 306
VHN [41] and 233 to 326 VHN [42], but the mean hardness values of untreated samples
from this study are much higher (467 VHN). Such large variations could be affected by
factors such as variations in chemical content [43,44], diet or age, diagonal reading errors,
and sample preparation [45]. The above two studies performed a direct comparison
with human enamel, without stating whether they were using bovine or human enamel.
However, the basic factors, including chemical composition and the remineralisation rate
of human (pre-)molars and bovine incisors, are significantly different; thus, these results
should only be used for qualitative comparison and should be stated clearly to avoid
confusing or misleading readers with the literature. On the other hand, in addition to
the hardness test, since toothbrushing may induce surface textural changes, textural and
fractal dimension analysis [46,47] may also be useful, particularly to evaluate the changes
in mechanical and biological properties after toothbrushing.

The decline in hardness after storing in DM compared to DW was significant (p < 0.001).
Samples that were brushed with either toothbrush showed an increase in hardness, and
the samples brushed with TR had a slightly higher VHN than samples brushed with TF;
therefore, the increase in hardness could not be credited to fluoride in this test, despite
(1) the EDS showing an uptake of fluoride in the TF groups, and (2) the peak (202) in
XRD showing a slightly higher intensity in fluorapatite (FAP) compared to hydroxyapatite
(HAP). These results are not significant or unique enough to be identified as FAP instead of
HAP. Even so, this proves that the anti-caries agent NaF in the nylon bristles was released.
NaF, as an inorganic compound, has high solubility in water (0.987 molal @ 25 °C) [48]
and is commonly used in toothpaste, fluoride varnish, and fluoride gel. Fluoride, even
at low concentration, can help to thermodynamically form acid-resistant fluorapatite and
calcium fluoride. Additionally, an extremely low fluoride level is indeed a catalyst to
convert octacalcium phosphate into a tight assembled hydroxyapatite [49]. On the other
hand, the uptake of fluoride ion in DW and DM enamel will form a local immobilized store,
whereas some fluoride will be released in the presence of acid [50].

The characteristics of HAP peaks were compared with the measured XRD results.
Peaks at (211), (112), and (300) are regarded as the peaks that can be most characterised
as HAP; however, this study’s results do not agree on these three major peaks, presenting
peaks at (211), (112), and (202). The identity of peak (300) was barely identified in all spectra
compared to the standard, which had an intensity close to that of peak (112) if not higher
(Figure 2). The standard peak obtained from JCPDS includes both HAP and FAP, and there
is only slight variation amongst the two. The intensities of the main three peaks remain the
same for both apatites.

Toothbrushing caused a decrease in the Ca/P ratio for DW, with an increase in the
Ca/P ratio for DM. Indeed, toothbrushing would induce wear on the enamel surface in the
DW group, which would obviously damage the intact enamel. Solely using toothbrushing
to brush the enamel under water would cause demineralisation, because water would
soften the enamel [51], which is why studies would normally remineralise with saliva
afterwards. Nonetheless, we did not observe a decrease in hardness, because the EDX
measurement used a penetration depth of only 1-2 microns, while the microhardness
had an indentation depth of 4-20 microns. This proves that the wear of enamel from the
toothbrush is confined to a superficial layer only. For the DM groups, the SEM results
(Figure 3a—c) showed that mineral deposition occurs, i.e., remineralisation that is associated
with an increase in the Ca/P ratio might occur [52,53].

The limitations of this study are as follows: (1) bovine teeth were used, not human
teeth; (2) the NaF infusion percentage was 2-3 wt%, and we should have had different
concentrations of NaF so that the release of fluoride could be controlled; and (3) we did
not compare the effects of the NaF-infused toothbrush vs. toothpaste. In the future,
transmission electron microscopy (TEM) could be incorporated to confirm textures and
microstrains in HAP in enamel. X-ray fluorescence (XRF) could also be used to confirm
FAP formation. A report has shown FAP regeneration in bone using XRF for element



Dent. ]. 2024, 12, 142 90f11

analysis [54]. On the other hand, it might be possible to determine the crystallite size by
using the Scherrer equation to understand the microstrains on the apatites, which might
affect the hardness of the enamel. In addition, the wear rates from the toothbrush should
be assessed to determine the depth of de/re-mineralisation. Nevertheless, a randomised
clinical trial after a series of in vitro tests is worth exploring.

5. Conclusions

Brushing with either a regular or fluoride-infused toothbrush will cause an increase in
the hardness of enamel. In terms of sound enamel, toothbrushing can remove superficial
water-softened enamel. Remineralization was observed for demineralised enamel after
toothbrushing. Despite the uptake of fluoride by the enamel, FAP was not formed.
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