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Abstract

Background: To evaluate the efficacy of fluoride-containing toothpastes with different technologies to remineralize
artificial caries lesions in enamel.

Methods: Bovine enamel blocks were divided into three thirds: intact (untreated), demineralized (artificial caries
lesion), and treated (caries lesion, pH cycling with dentifrices). Enamel blocks were randomly distributed into five
groups (n=12): Fluoride-free toothpaste, Colgate Oral Care (NC); Arginine-containing toothpaste, Colgate Total Daily
Repair (PC); Silicate-based fluoride toothpaste: REFIX technology, regenerador 4 sensitive (RDC), NR-5 technology,
Regenerate Enamel Science (RES), and NOVAMIN technology, Sensodyne Repair and Protect (SRP). The specimens
were submitted to a pH cycling model for 6 days. The efficacy of the toothpastes was estimated by calculating the
surface microhardness recovery (%SMHg) and the fluorescence recovery (AFge) with quantitative light-induced fluores-
cence. The cross-sectional micromorphology of the enamel surface was also assessed using scanning electron micros-
copy. Elemental analyses (weight%) were determined with an energy-dispersive X-ray spectrometer (EDS). The results
were compared to that of the control (NC). Data were statistically analyzed (5%).

Results: %SMH, could be ranked as follows: RDC =PC=RES=SRP > NC. Significantly higher %SMHg and AFg: means
were observed after enamel treatment with RDC (22.7 and 46.9, respectively). PC (%SMHg = 18.8) was as efficacious

as RDC to recover the surface microhardness with a significantly lower mean of AFge (19.5). Only RDC was able to
promote the formation of a mineralized layer on the surface of enamel enriched with silicon on the surface.
Conclusions: The silicate-based fluoride toothpaste containing REFIX technology demonstrated greater efficacy in
the remineralizing artificial caries than the other products.
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access and low cost [2, 3]. Brushing with fluoridated
toothpastes is the most effective non-professional
intervention to prevent tooth decay, especially in places
where the water is not fluoridated [4, 5].

Currently, manufacturers are seeking for innovative
compounds to improve the remineralization of dental
tissues, with or without fluoride [6—8]. The innovative
aspects aim not only to boost the remineralization pro-
cess but also to increase the regeneration potential of
these formulations [7]. Along these lines, these biomi-
metic agents function as fluoride and calcium carriers
for tooth enamel [8]. Biological apatite has been found
to be composed of small crystals and characterized
by poor crystallinity and relatively high solubility [9].
These alternative mechanisms seem to mimic the natu-
ral remineralization, promoting the formation of less
soluble and porous hydroxyapatite [10, 11].

The remineralization process can be enhanced by
the substituting of ionic species in the sites of the
hydroxyapatite molecule [12]. The presence of substi-
tute ions, either incorporated within the apatite lat-
tice or only adsorbed on the surface, including both
anionic(e.g., F~, CI7, Si0,*", and CO;?7) and cationic
substitutions (e.g., Na™, Mg?*, KT, Sr**, Zn?*, Ba’",
AI’Y), changes the hydroxyapatite solubility, depend-
ing on the substitution at the different sites of the
hydroxyapatite molecule (calcium, phosphate, and
hydroxyl sites) [9, 13].

Silica, a component of bioactive glass, has been incor-
porated in some toothpaste formulations in order to
enhance their bioactivity and apatite-forming ability of
hydroxyapatite [14, 15]. In this manner, silica acts as a
site for the precipitation of calcium and phosphate ions,
forming calcium silicate, which leads to the nucleation
of hydroxyapatite and mineral formation and intensi-
fies the remineralization process [16, 17]. Calcium sili-
cate is responsible for a protective effect on the surface,
stimulating the deposition of other minerals and reduc-
ing the effects of demineralization [17]. Although it is
claimed that these changes seem to occur mainly at the
hydroxyapatite surface [18], it seems to be the reason for
retaining fluoride in the composition, even at lower con-
centrations [19].

Therefore, in view of the current efforts in search of
effective components against caries, the purpose of this
in vitro study was to analyze the efficacy of fluoride-
containing toothpastes containing REFIX technology,
NR-5 and NOVAMIN technologies to remineralize
enamel after pH cycling. The research hypothesis was
that the remineralization of the enamel would be posi-
tively affected by the use of fluoride toothpastes after pH
cycling, irrespective of the technology contained in the
products tested.
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Methods

Sample preparation

The recently extracted bovine incisor teeth were
obtained from the commercial establishment: Hono-
rato e Aratjo LTDA Fridge (CNP]J: 01.179.091/0001-37)
and stored in a 0.08% thymol solution until use. Enamel
blocks (4 x 4 x 2 mm) were made from these teeth and
then were embedded in self-curing acrylic resin using
circular molds of 16 mm in diameter and 3 mm in depth.
The outer enamel surface was ground flat with grit
papers (600-1500 grades) under water refrigeration and
polished with 1 pm diamond paste (Extec Corporation,
Enfield, CT) in a rotating polishing machine PSK-2 V
(Skill-tec Comércio e ManutengdoLtda, Sdo Paulo, SP,
Brazil). Baseline enamel Vickers surface microhardness
(SH,) analysis was performed with a microhardness
tester (Shimadzu HMV—AD Easy Test Version 3.0). Five
indentations spaced 100 pm from each other were made
at the center of the enamel surface (50 g, 10 s). Enamel
blocks between 360 and 400 VHN surface microhardness
were selected for the study. Sixty enamel blocks were ran-
domly distributed into 5 groups (n=12) according to the
products used [5, 20, 21].

Tested groups and interventions

Toothpastes were selected among commercial products
containing fluoride associated with different technolo-
gies, as indicated by the manufacturers. The characteris-
tics of the products are listed in Table 1. A fluoride-free
product was chosen as the control toothpaste (NC) and
an arginine-containing toothpaste, Colgate® Total Daily
Repair, as the positive control (PC).

Lesion formation

Subsurface enamel demineralization was carried out
using a modified model [22]. Following 5 min sonica-
tion in water using an ultrasonic device, one-third of the
exposed enamel surface was covered with two layers of
nail varnish (Risqué, Niasi, Tabodo da Serra, Sdo Paulo,
Brazil) as a reference sound area. The enamel blocks were
immersed individually in 32 mL of a demineralizing solu-
tion containing 1.3 mM/L Ca(NO;),-4H,0, 0.78 mM/L
NaH,PO,-H,O in 0.05 M/L acetate buffer, 0.03 pgF/mL
(NaF), pH 5.0, 32 mL/specimen, during 16 h at 37 °C.
After that, the blocks were submitted to a post-demin-
eralization surface hardness (SH;) with the same param-
eters described previously.

Remineralizing pH-cycling

Before the remineralization pH cycling model [23],
the enamel specimens had another one third of its sur-
face covered with two layers of nail varnish (Risqué,
Niasi, Tabodo da Serra, Sdao Paulo, Brazil) as a reference
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Table 1 Composition of the toothpastes selected for the study
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Product Active agents

Manufacturer

Fluoride-free toothpaste Colgate oral care (NC) No active ingredients
Colgate total daily repair (PC)

Regenerador + sensitive (RDC)

1450 ppm F-of as sodium fluoride, 0.30% tri-
closan, arginine, tetrasodium pyrophosphate

1450 ppm F-of sodium fluoride and tetrasodium

Colgate-Palmolive Manufacturing, Sdo Bernardo do
Campo, SP, Brazil

Colgate-Palmolive Manufacturing, Sdo Bernardo do
Campo, SP, Brazil

Rabbit Corp. Londrina/PR, Brazil

pyrophosphate (Refix technology)

Regenerate Enamel science (RES)

1450 ppm F-of sodium fluoride and sodium

Unilever UK Limited, Leatherhead, Surrey, UK

monofluorophosphate, calcium silicate and
sodium phosphate (NR-5 technology)

Sensodyne repair and protect (SRP)

ogy)

1426 ppm of sodium fluoride and calcium
sodium phosphosilicate 5% (NOVAMIN technol-

GSK Consumer Healthcare, Norreys Drive, Maiden-
head, Berkshire, SL6 4BL, UK

Manufactures’information

for caries lesion area. The blocks were submitted to a
pH cycling model at 37 °C for 6 days. The blocks were
immersed individually in a remineralization solu-
tion (1.5 mM L7! calcium, 0.9 mM L1 phosphate,
150 mM L~! potassium chloride in 0.02 mM L~!cacodylic
buffer, pH 7.0; 0.02 pgF/mL, 1 mL/mm?), for 22 h. The
cariogenic challenge was performed by a demineraliza-
tion solution (2.0 mM L' calcium and phosphate in
75 mM L' acetate buffer, pH 4.7; 0.03 pgF/mL, 3 mL/
mm?) during 2 h per day (12-2 pm). Twice a day, at 10 am
and 2 pm, enamel samples were exposed to toothpaste
slurries (toothpaste: deionized water, 1:3 w/w; 2 mL/
enamel specimen) for 1 min, under agitation. Deion-
ized water rinses were performed between each step. In
between treatments, the enamel blocks were individually
immersed in a remineralization solution at 37 °C. De-
and remineralizing solutions were changed daily.

Microhardness test analysis

The baseline surface microhardness (SH,) was evalu-
ated using a microhardness tester with the previously
described settings. The enamel surface microhardness
after enamel demineralization (SH;) and after treat-
ment with the toothpastes associated with pH cycling
(SH,) was also determined using the same parameters.
For this determination, the acid-resistant nail varnish
was removed, and the hardness of each third of each
specimen was tested. Each indentation in the center of
the thirds was separated from the others by a distance
of 100 um. The percentage of surface hardness recov-
ery (%SMHy) was then calculated [5, 24, 25], as follows
(Eq. 1):

(SH2 — SH1)

%SMHR = ——— """ ~2
(SH1 — SHO)

100 1)

Quantitative light-induced fluorescence (QLF) analysis

The bovine enamel blocks were evaluated for fluorescence
loss in caries lesions and treated areas, using the Qraycam
Pro device (Inspektor Research System BV, Amsterdam,
The Netherlands). The nail varnish in each window was
carefully removed with a surgical blade and cotton swabs
soaked in diluted acetone. Then, the specimens were water
rinsed with deionized water and dried with a cotton roll.
A camera was attached to a stand in the same position for
all the images to standardize the QLF measurements. The
images were taken in a dark room, with an exposure of
0, a contrast of 0, and a distance between the device and
a sample of 8 cm [26, 27]. A software (Q-ray version 1.38,
(Inspektor Research System BV, Amsterdam, The Nether-
lands) analyzed the changes in the amount of mineral in
the enamel based on the AF value. The AF value represents
the percentage decrease in the autofluorescence intensity
in a carious lesion and treated areas compared with that of
sound enamel, reflecting the changes in the mineral con-
tents of enamel [26]. The measurements were made in two
stages for the calculation of the percentage fluorescence
recovery (AFgp): AF, which represents a loss of initial
fluorescence, passing through the difference between the
sound and demineralized enamel, and AF;, which repre-
sents a difference in final fluorescence, using the difference
between the sound enamel and the area treated with the
toothpastes[28, 29]. Then, the percentage of fluorescence
recovery was calculated as follows[29] (Eq. 2):

(AF1 — AFO)
—_— X
AFO

AFRE = 100 )

Scanning electronic microscopy (SEM)

plus energy-dispersive X-ray spectroscopy (EDS)

The morphological analysis of the specimens was per-
formed in a scanning electron microscope (EGA 3,
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TESCAN, LMU, Kohoutovice, Czech Republic), operat-
ing at 15 kV. For the morphological analysis of the speci-
mens, the blocks were previously sputter-coated with
gold in a vacuum evaporator (MED 010; Balzers, Balzer,
Liechtenstein), and then microscopically analyzed to
obtain photomicrographs of the surface morphology of
the treated specimens (1000x magnification). Repre-
sentative images of selected regions of the sputter-coated
specimens were taken in order to characterize the mor-
phological aspect of the surface [5, 20, 21]. The EDS point
analysis (80 mm? SDD Detector, Oxford Instruments,
Concord, MA, USA) was performed to determine a qual-
itative elemental analysis of specimens, operating in high
vacuum mode and an accelerating voltage of 15 kV. For
each sample, five points were randomly selected for each
sample (300 pum? for each point), and the mean values
were calculated [20, 21].

For the subsurface analysis, cross-sections of the
bovine blocks were obtained by longitudinally section-
ing the specimens under water-cooling. Both half-blocks
were used for the SEM and the elemental analyses. The
halves were dehydrated in silica gel for 3 h. The speci-
mens were then gold-sputtered and evaluated using an
SEM coupled with an EDS [20, 21].

Statistical analysis

Data were analyzed statistically using the SPSS package
for Windows, version 21.0 (SPSS, Inc., Chicago, IL, USA).
The Shapiro—Wilk test and Levene’s test were used to
determine the normality and homogeneity of variances,
respectively. As the data demonstrated equal variances
and Gaussian distribution, no data transformation was
needed. The following tests were performed: (1) ANOVA
followed Tukey for the analysis of differences between
groups regarding SH,, SH;, SH,, %SMH, and AFg; (2)
ANOVA repeated measures, followed by Bonferroni, for
the analysis of the variables SH,, SH;, SH, into the same
group at the different analysis times; (3) Pearson’s corre-
lation between variables. The level of significance consid-
ered was 5% [5, 21].

Results

The average means and standard deviation of surface
microhardness for the variables SH;,, SH;, and SH, are
displayed in Table 2. In the mineralized surface, the SH,
means (baseline enamel surface microhardness) var-
ied from 373.5 (NC) to 384.4 VHN (RDC), with no sig-
nificant differences between the groups (p>0.05). No
significance was also observed when the SH; means
(post-demineralization surface hardness) were compared,
varying from 31.4 (RES) to 32.8 VHN (RDC) (p>0.05).
For the variable SH, (surface hardness after pH cycling),
the highest mean found was 112.5 (RDC) and the lowest
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Table 2 Mean values (standard deviation) of surface hardness
analysis according to the different treatments

Product SH, SH, SH,

NC 373.5 (9.4)% 31.9 (5.4)°8 38.1 (3.7)%*
PC 376.6 (15.6)* 31.5(4.0)°8 9.5 (11.9)°8
RDC 384.4 (14.3)* 328 (4.4)°F 1125 (27.3)°8
RES 382.2 (16.5)%" 314 (2.6)°8 89.5(11.7)°8
SRP 377.0 (13.8)*" 32.6 (4.1)°8 818 (4.3)8

Means followed by distinct letters, lower case for rows, upper cases for columns:
significant, p <0.05

SH,, surface hardness (baseline); SH,, post-demineralization surface hardness;
SH,, surface hardness after pH cycling; NC, fluoride-free toothpaste colgate; PC,
Colgate total 12; RDC, regenerador + sensitive; RES, regenerate enamel science;
SRP, sensodyne repair an protect

Table 3 Mean values (standard deviation) of QLF for tested
areas, AF, (sound vs.demineralized area) and AF, (soundXtreated
area) in the experimentalgroups

Product AF, AF,

NC —2783)° —348(2.2)°
PC —299 (24)° —24.1(23)°
RDC —254(7.8)° —135 (56"
RES —264(9.8)° —213(11.8°
SRP —298(6.3)° —295 (6.6)8

Means followed by distinct letters, lower case for AF,, upper cases for AF;:
significant, p<0.05

NG, Fluoride-free toothpaste Colgate; PC, Colgate total 12; RDC,
regenerador + sensitive; RES, regenerate enamel science; SRP, sensodyne repair
and protect

was 38.1 (NC). Significantly higher means of SH, were
observed when the enamel was treated with fluoride-
containing toothpastes, regardless of the different tech-
nology, compared to the control fluoride-free toothpaste
(p<0.05).

Table 3 displays the results of QLF analysis for tested
areas, AF, (sound vs. demineralized area) and AF,
(sound x treated area) in the experimental groups. No
significance was observed for AF;, when the means were
compared (p>0.05). Conversely, RDC exhibited a signifi-
cantly higher mean of AF; (—13.5) than all experimental
groups (p<0.05). PC, RES, and SRP presented intermedi-
ary means (—24.1,—21.3, and —29.5, respectively). The
control group (NC) exhibited a significantly lower mean
(— 34.8), than the experimental groups.

In general, the surface microhardness recov-
ery (%SMHg) could be ranked as follows:
RDC=PC=RES=SRP>NC. When the %SMHj, results
were compared, RDC and PC exhibited significantly
higher means, followed by RES and SRP (p <0.05)(Fig. 1).
After treatment with the fluoride-free toothpaste, a sig-
nificantly lower mean of %SMHj was observed (p <0.05).
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Fig. 1 Means and standard deviation of remineralization in terms of fluorescence recovery (AFge) and microhardness measurements (%SMHzg) in
the experimental groups. Distinct letters, lower case for %SMHg, upper case for AFge: significant, p < 0.05. Vertical bars= =+ 1 standard deviation.
Abbreviations: NC: Fluoride-free toothpaste Colgate; PC: Colgate Total 12; RDC: Regenerador + Sensitive; RES: regenerate enamel science; SRP:
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Fig. 2 Representative scanning electron micrographs of the enamel cross-sections. a NC; b PC; ¢ RDC; d RES; e SRP. Abbreviations: NC: Fluoride-free
toothpaste Colgate; PC: Colgate total 12; RDC: regenerador + sensitive; RES: regenerate enamel science; SRP: sensodyne repair and protect

RDC exhibited the higher mean AFg;, being statistically
different from all groups, followed by PC and RES. SRP
exhibited the lowest AFy; (0.27) of the fluoride-contain-
ing toothpastes (Fig. 1). The fluoride-free toothpaste
(NC) exhibited a negative mean of AFy: (—6.63). The
statistical analysis demonstrated that significantly higher
means of %SMH}, and AFy; were observed after enamel
treatment with RDC (22.7 and 46.9, respectively). The
anti-erosive, arginine-containing toothpaste (PC) was
as effective as RDC to recover the surface microhard-
ness (%SMH =18.8), but comparatively exhibited a sig-
nificantly lower mean of AFy; (19.5). A strong positive

correlation was found when variables AF; and %SMHjy
were plotted (r=0.9371, p<0.001).

Figure 2 shows representative scanning electron
micrographs of the enamel cross-sections and demon-
strates the differences among the experimental groups.
RDC induced the formation of a mineralized layer onto
the enamel surface when associated with pH cycling.
This mineralized surface layer was not observed when
the enamel blocks were treated with other toothpastes.
Table 4 shows the elemental mapping analysis was shown
demonstrating the differences among the groups. RDC
exhibited the highest silicon content (7.14%). Variability
in the Ca/P ratio was observed in the analyzed specimens
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Table 4 Elemental mapping according to the experimental

groups
Element NC PC RDC RES SRP

@ 4951 8.8 54.83 28.71 16.78
O 38.79 27.54 32.36 36.22 3545
F 0.00 041 0.05 0.05 113
Na 0.20 0.69 0.10 0.32 041
Mg 0.00 0.51 0.15 0.29 0.34
Al 0.00 0.00 0.25 0.00 0.00
Si 0.29 0.00 7.14 0.07 0.00
K 0.00 0.00 0.19 0.00 0.00
@ 0.15 0.53 0.00 0.41 0.00
Ca/P 1.75 1.58 1.86 1.96 1.94

NG, Fluoride-free toothpaste Colgate; PC, Colgate total 12; RDC,
regenerador + sensitive; RES, regenerate enamel science; SRP, sensodyne repair
and protect

can also be seen in Table 4, with the lowest ratio for PC
(1.58) and the highest for RES (1.96). EDS also showed
that the element fluoride was more frequent in surfaces
treated with SRP and PC and less present in RDC and
RES.

Discussion

The results of the present study demonstrated different
values for enamel caries recovery among the analyzed
toothpastes, as related in other studies [30—36]. Although
no significance was observed when comparing the results
of the microhardness after pH cycling (SH,), irrespec-
tive of the treatment technology, RDC and PC exhibited
significantly higher means of microhardness, followed
by RES and SRP (Fig. 1.). The calculus of %SMHj, which
considers the microhardness in the different testing
areas, demonstrated a significantly higher mean when the
enamel was treated with RDC compared to other experi-
mental groups.

QLEF is a visible light system used to quantitatively and
nondestructively monitor the progression or regression
of enamel demineralization [37]. As related in Gomez
et al. [38] both microhardness and QLF methods were
able to distinguish in vitro remineralization models
using different fluoridated toothpastes. The differences
between the initial and post treatment QLF measure-
ments were observed in all experimental groups with the
significant recovery of fluorescence and reduction of the
lesion area. Despite the statistical equivalence when the
means were compared, a higher microhardness means
after pH cycling was observed when the specimens were
treated with RDC (112.5) (Table 2). The high fluorescence
recovery mean presented by the RDC demonstrated a
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greater mineral gain (AFg) in the specimens treated with
the REFIX-containing toothpaste (Fig. 1).

Reasons that explain the better results for the REFIX-
containing toothpaste rely on its effects on the surface
morphology of the specimens after treatment. The SEM
micrographs show a mineralized layer formed on the
enamel surface after pH cycling interspersed with the
REFIX toothpaste treatment (Fig. 2c). A previous study
demonstrated that the formation of a silicon-enriched
mineral layer on the enamel surface induced by the
REFIX-based toothpaste was favored by the formation of
complexes of the bioactive particles of calcium, phospho-
rus, and sodium [39]. The elemental mapping analysis of
RDC also corroborated the presence of silicon (7.14%) in
the formulation (Table 3). Substituting phosphate groups
with silicon affects the mechanical properties of the
silicon-enriched hydroxyapatite [40]. When associated
with fluorine and phosphate groups, the silicon content
enhanced the bioactivity and apatite-forming ability of
hydroxyapatite, substituting with silicon in to the rem-
ineralizing hydroxyapatite [14, 15]. These findings were
corroborated in previous studies [21, 39], that also dem-
onstrated the formation of a mineral layer rich in cal-
cium and silicon in the specimens treated with this same
toothpaste.

Like RDC, the anti-erosive toothpaste PC, which con-
tains tetrasodium pyrophosphate associated with sodium
fluoride, was found to be as effective as RDC at reminer-
alizing the enamel according to the %SMHj, analysis. PC
contains the highest content of calcium associated with
phosphates, in the form of calcium carbonate, dicalcium
phosphate dihydrate, and calcium pyrophosphate [41].
PC also contains a proprietary Pro-Argin technology
with 8% arginine, which is indicated against tooth hyper-
sensitivity [42]. This arginine-containing toothpaste has
been regarded as offering a potential caries prevention
[43]. Unlike RDC, no mineralized layer on the enamel
surface was observed in the microscopy analysis (Fig. 2b).

RES contains NR-5 technology, which combines cal-
cium silicate, sodium phosphate salts, and fluoride,
seems to improve the remineralization of hydroxyapatite
by the nucleation of minerals in tooth enamel in the pres-
ence of saliva [44]. SRP contains NOVAMIN technology
which comprises an amorphous inorganic of sodium and
calcium phosphosilicate [45]. According to the techni-
cal profile, serial chemical reactions occurs when bioac-
tive glass is in contact with an aqueous solution, leading
to the formation of an insoluble mineralized carbonated
hydroxyapatite layer on the surface of the dentin tissue.
Conversely, in enamel, this technology favors another
mechanism of action, which seems to reinforce the struc-
ture of the enamel hydroxyapatite rather than form-
ing a superficial mineralized layer on the tissue. Despite
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the claim of the formation of a less-soluble surface
hydroxyapatite that is resistant to acid challenges [46],
the presence of a mineralized layer on the enamel surface
was not confirmed in microscopic analysis (Fig. 2).

The difference in the outcomes of the present study
support speculation that changes in the hydroxyapatite
structure may occur due to treatment of enamel with
the fluoride toothpastes associated with different tech-
nologies. Depending on the substitution at the different
sites of the hydroxyapatite structure, changes in calcium
phosphates nucleation, hydroxyapatite growth and crys-
tallization thermodynamics and kinetics, and ultimately
its stability may occur in an oral environment rich in ions
released by the toothpastes [47]. In this manner, changes
in the mineral phase of teeth may to occur in terms of
stoichiometric hydroxyapatite. Unfortunately, the min-
eral phase of teeth has been erroneously attributed to the
stoichiometry of hydroxyapatite of 1.67 [9]. In fact, bio-
logical apatite usually comprises a non-stoichiometric
hydroxyapatite, being calcium deficient (Ca/P<1.67),
with small crystals and poor crystallinity, leading to a rel-
atively high solubility [9, 48]. Except for PC, which exhib-
ited the lowest Ca/P ratio (1.58), the silicon-rich fluoride
toothpastes RDC, RES, and SRP presented the highest
ratios, higher than 1.86 (Table 4). Variability in the Ca/P
ratio may explain the different results regarding hardness
and mineral quantification (QLF). Thus, the research
hypothesis, which anticipated that the remineralization
of the enamel would be positively affected by the use of
fluoride toothpastes after pH cycling, irrespective of their
technology, was accepted.

Despite the limitations of this in vitro methodology,
every effort was made to simulate the variables in the oral
environment, specifically the pH cycle in which the dem-
ineralization and remineralization processes that occur
in situ or in vivo analyses are intercalated with toothpaste
exposure [49]. These analyses allowed a complex con-
trol of conditions at a reduced cost to test the efficacy of
products designated to remineralize the enamel tissue.
It is important to mention that the positive control (PC)
used in this study did not only contain sodium fluoride
but also had arginine, tetrasodium pyrophosphate, and
triclosan as bioactive ingredients. This may have influ-
enced the good performance of this toothpaste, high-
lighting the suggestion for further studies using only a
fluoride toothpaste as a control, without the addition of
other compounds.

Although this study did not use cross-sectional micro-
hardness, different analyses were performed on the spec-
imens, such as surface microhardness. This provides data
on surface mineral deposition and surface hardening,
suggesting a pattern of remineralization and recovery.
In addition, the QLF is a validated method for verifying
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the remineralization of caries lesions in vivo, and can be
extrapolated to in vitro studies. The analyses with SEM
and EDS also allowed us to identify the formation of a
mineral layer containing silicon, suggesting a remineral-
izing potential of the RDC, which was the initial objective
of this study [26, 28, 38, 39, 50, 51].

Conclusion

The present study demonstrated that all fluoride-con-
taining toothpastes showed remineralizing potential for
demineralized enamel associated with pH cycling, com-
pared to toothpaste without fluoride. The toothpaste
containing the REFIX technology had the highest mean
surface hardness and light-induced fluorescence recov-
ery from carious lesions. The anti-erosive toothpaste
containing arginine and tetrasodium pyrophosphate also
proportioned surface mineral deposition according to
surface microhardness recovery analysis. On the other
hand, only the REFIX technology was able to promote
the formation of a silicon-rich mineralized layer on the
enamel surface.
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