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ABSTRACT
Purpose: The effects of different remineralization agents applied on enamel
samples were evaluated by using surface and subsurface microhardness analysis.
Methods: Sixty bovine incisor enamel samples were fabricated. After the initial
microhardness values were measured, enamel samples are divided into 3 equal
parts, and assigned as the treatment area (T), the adjacent area (A) and the
control area (C) (covered with an acid-resistant varnish). Samples were subjected
to pH cycle for 5-days, and then microhardness measurements were repeated.
The specimens were randomly divided into 5 groups according to the fluoride-
releasing materials applied, as follows: Group 1: BioMin F; Group 2: Colgate
Triple Effect; Group 3: FCP COMPLEX; Group 4: Fluor Protector; Group 5: Artificial
saliva (control). Following the applications, surface and subsurface
measurements were performed. The data were analyzed by one-way analysis of
variance (ANOVA) and post-hoc Tukey test.

Results: BioMin F toothpaste provided the greatest increase in surface
microhardness, followed by FCP COMPLEX, Colgate Triple Effect and Fluor
Protector, respectively. Among the materials tested, BioMin F and Colgate
toothpastes exhibited the highest increase in subsurface microhardness values,
with FCP COMPLEX solution following closely in second place.

Conclusions:  BioMin F showed the best results in the surface microhardness
assessment, while both toothpastes (BioMin F and Colgate) showed similarly

positive results in the subsurface microhardness assessment.
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INTRODUCTION

Recently, important developments in the
diagnosis and treatment of early-stage caries lesions
have changed the philosophy of caries treatment in
dentistry. Invasive approaches based on restoration
and extraction have left their place to preventive
applications. The aim of modern dentistry is to
establish individual preventive programs and to detect
caries early in order to protect dental health and
provide better conditions '

After the concept of remineralization came
into the dentistry agenda, many methods and products
have been developed to date. Fluoride is an agent that
is accepted as the main component in the
remineralization process, but its ability to support
remineralization is limited by the presence salivary or
plague calcium and phosphate ions in adequate
amounts 2>, Therefore, in cases of individual factors
such as dry mouth, the presence of calcium and
phosphate ions may limit enamel remineralization with
topical application of fluoride ions. Although the caries-
preventive effect of fluoride has been demonstrated by
many studies *°, research on its use with other agents
to increase this anti-caries effect continues. Materials
that have proven to be more effective than other
topical remineralizing agents, such as bioactive glass,
have been used with fluoride to increase the
remineralization capacity of fluoride ®’. In addition, a
solution that increases fluoride precipitation due to the
calcium and phosphate ions it contains has been

MATERIAL AND METHODS

Experimental design

For this in-vitro study, enamel blocks
(4mmx9mmx3mm, n=60) were obtained from bovine
incisors following the removal of soft tissue residues,
and kept in 0.1% thymol solution. All samples were
embedded in acrylic blocks and the enamel surface of
the blocks was ground using a polishing device
(Buehler Phoenix Beta, Lake Bluff, Illinois, USA) with
320, 600 and 1200 grids of Al,O; papers under water
cooling.

After enamel blocks were examined under a
light microscope for cracks, scratches, or hypoplasia,
they were subjected to the initial surface
microhardness analysis. The Vickers microhardness test
was carried out in a digital microhardness tester
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produced and has been the subject of current studies
8,9

As well as the effectiveness of the method and product
used for protective purposes, it is also important that it
reaches everyone with individual applications that do
not require professional application, are easy to apply
and cost-effective *°. The use of toothpastes is the
simplest, cheapest and most common method among
many remineralization methods. In recent years, in
addition to the effective use of toothpastes, a new
toothpaste has been launched to provide increased
remineralization with a combination of fluoride and
bioactive glass. The manufacturers claim that it has the
ability to cause sustained release of calcium,
phosphate, and fluoride ions, resulting in enhanced
remineralization of tooth structure and occlusion of
dentinal tubules to relieve sensitivity 1

The objective of this in vitro study was to
assess the remineralization abilities of various
toothpaste formulations, including fluoride and
bioactive glass (BioMin F), standard fluoridated
toothpaste (Colgate Triple Action), a solution
containing fluoride, calcium, and phosphate (FCP
COMPLEX), as well as a fluorinated varnish (Fluor
Protector). This assessment was conducted through
microhardness  analysis and  applications on
demineralized bovine enamel. The null hypothesis
posited that there would be no significant difference in
surface hardness among the tested materials at
different depths within the tooth tissue.

(Shimadzu HMV-G, Shimadzu Corp., Japan) using a
diamond indenter with 980.7 mN force and a dwell
time of 15 s for five indentations across each specimen.
The Vickers hardness number (VHN) was calculated as
the mean of the five readouts taken.

In all specimens, enamel surfaces were divided
into 3 parts. These sections were respectively;
Treatment (T), Adjacent (A) (adjacent part of the
treatment surface) and the remaining three -third
surface area covered with a polish that was not be
affected by acid.

pH-Cycling Regimen

The specimens were submitted to a pH-cycling
regimen for 5 days at 37°C according to Vieira et al 2
They were subjected daily to alternated immersions in
demineralizing solution (2.0 mM Ca(NO;)2.4 H,0, 2.0
mM NaH,P0,.2H,0, 0.077 mM acetate buffer, 0.02
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ppm F, pH = 4.7) for 6 h and in remineralizing solution
(1.5 mM Ca(NO3)2.4H,0, 0.9 mM NaH,P0,4.2H,0, 150
mM KCl, 0.1M buffer solution, 0.03 ppm F, pH=7.0) for
18 h.

After the pH cycle, microhardness
measurements were repeated for each sample from
the enamel surface, which was not covered, at
intervals of 100 um, and the mean of the values was
recorded.

Experimental Groups

The specimens were randomly divided into 5
groups according to the fluoride-releasing materials
applied, as follows (Table 1):

G1-BF: BioMin F toothpaste containing 530
ppm fluoride and bioactive glass was applied to the
treatment surfaces for 2 minutes, 2 times a day for 30
days by the help of micro brush. After each application,
the specimens were washed with distilled water and
kept in the artificial saliva solution until the next
application.

G2-CTE: Colgate Triple Effect toothpaste with
1450 ppm fluoride content was applied to the
treatment surfaces as in Group 1. Each sample was
washed with distilled water after application and kept
in artificial saliva.

G3-FCP: FCP COMPLEX solution was prepared
by mixing sodium fluoride, calcium chloride and
phosphoric acid in a 6: 10: 1 molar ratio. The fluoride
concentration (9000 ppm) of the solution was adjusted
by adding distilled water. FCP COMPLEX solution was
applied to the treatment surfaces and left for 20
seconds and then washed with distilled water for 10
seconds. This process was repeated 4 times once a
week. Among the applications, the samples were kept
in artificial saliva.

GA4-FP: Fluor Protector varnish (1000 ppm) was
applied to the treatment surfaces as a thin layer
according to the manufacturer's instructions, kept for 1
minute and stored in artificial saliva after application.

G5-C: Since the samples in this group will be
considered as a negative control group, after
demineralization, they were stored in artificial saliva
without any application during the experiment.

Artificial saliva solution used in the present
study was prepared according to the formula 14.4
mM NaCl, 16.1 mM KCl, 0.3 mM CI2.6H20, 2.9 mM
K2HPO4, 1.0 mM CaCl2.2H20, 0.10 g/100 ml Sodium
carboxymethylcellulose, at pH 4.7 B,
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Surface Microhardness Measurement

For  post-treatment surface hardness
measurements, the surface of the specimens was
cleaned with the help of acetone, and then surface
microhardness measurements were made for each
group as previously mentioned. Five indentations at
different distances with 100 um interval were made in
the treatment surface and their average was recorded.
For the adjacent (A) surfaces, 5 measurements were
made from the three areas which were 150 um, 300
pm and 450 um away from the treatment area and
their averages were recorded. Comparison of the
surface microhardness change was made for the four
regions of each sample, as follows: The treatment area
(T), Adjacent-150 um (A-150), Adjacent-300 um (A-
300), Adjacent-450 um (A-450).

The calculation of the microhardness change
percentage (MCP) formed in the demineralized enamel
after the procedure was made with the following
formula for each test area.

MCP%: (Test Area - Demineralized Area) x100
/ Demineralized Area

Subsurface Microhardness Measurement

After the completion of the surface
microhardness measurement, the specimens were cut
with a microtome device under water cooling in the
buccolingual direction from the midpoint of the
samples to measure the subsurface microhardness at
various depths. One of the two sample halves obtained
after each cutting was polished with 320, 600 and 1200
grit sandpapers. Subsurface microhardness values were
obtained from these polished surfaces. Measurements
were performed at the treatment area (T), adjacent-
150 um, adjacent-300 um, adjacent-450 um and the
control area (C) which covered with acid-resistant
varnish. Considering that "ldeally, the first depth
measured should be made as close as possible to the
outer enamel surface" (19), the first measurement was
carried out at a depth of 20 um. This first measurement
was followed by the depths of 50um, 100pum and
200um. After that all sub-surface microhardness values
of each sample were compared with the values at the
same depth from the C area of the same specimen.
With the formula below, the percentage of
microhardness loss for each depth (20pum,50um,100um
and 200um) was calculated separately and the values
obtained were compared.

Formula of the sub-surface microhardness
change (SSMC);

SSMC%: (Control Area - Test Area) x 100 /
Control Area
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Statistical Analysis

The statistical analysis of the data obtained
from the study was carried out at Biostatistics
Department of Hacettepe University using the software
program SPSS 23.0 (SPSS Inc., Chicago IL, USA). The
normality of the data was examined by Shapiro-Wilk
test.

Two-way analysis of variance (ANOVA) was
performed to compare the data obtained after
demineralization and application of test materials.
One-way analysis of variance was applied to compare
the differences between the groups as the interaction
was significant. One-way analysis of variance was
performed with repeated measurements to compare
differences within the group. The 'Post Hoc Tukey' test
was applied to compare which groups the difference
was. Results were evaluated at p <0.05 significance
level and 95% confidence interval.

RESULTS

Surface Microhardness Evaluation

The results of surface microhardness
evaluations are presented in Table 2. The values in the
treatment area (T) were significantly higher compared
to those in the adjacent areas (p < 0.05), as observed
with A-150>A-300>A-450.

Considering the treatment area and all the
distances from the adjacent area, the highest increase
in surface microhardness was observed in G1-BF,
followed by other groups as G3-FCP > G2-CTE > G4-FP >
G5-C (p<0.05). This order of increase was also valid
when treatment and adjacent areas were evaluated
separately (p <0.05).
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Subsurface Microhardness Evaluation

The sub-surface microhardness loss of the
adjacent surfaces was as follows; A-450>A-300>A-
150>T (p <0.05). This indicates that the subsurface
hardness loss increased with distance from the
treatment area. Considering the average of all depths
and distances, it was observed that G5-C and G4-FP
showed similar hardness loss (p>0.05), followed by the
G3-FCP, G2-CTE and G1-BF, respectively (p<0.05).

The sub-surface microhardness loss values at
the treatment surface are displayed in Table 3. No
significant differences were observed between the 1st
and 2nd groups at all depths, as well as between the
4th and 5th groups at depths of 20, 100, and 200 pum.

For the A-150 distance, the loss of substance
at the depths of 20, 50 and 200 um was G5> G4> G3>
G2> G1, while the order at 100 um was G4> G5> G3>
G2> G1 (p <0.05). In these rankings, the difference
between groups 1 and 2 and between groups 4 and 5
were not statistically significant (p> 0.05). (Figure 1,a)

For the A-300 distance, the loss of substance
at the depths of 20, 100 and 200 um depths was G4>
G5> G3> G2> G1 (p <0.05), while the order at 50 um
was G5> G4> G3> G2> G1. (p <0.05). In these rankings,
the difference between groups 1 and 2 and between
groups 4 and 5 was not statistically significant (p>
0.05). (Figure 1,b)

For the A-450 distance, at every depth, G4,
G5> G3, G2, G1 (p <0.05). The difference between 1st,
2nd and 3rd Groups and 4th and 5th Groups were
statistically significant (p< 0.05). (Figure 1,c)

The average sub-surface microhardness loss
across all treatment groups and distances was
compared, revealing that the depths of microhardness
loss values followed this order: 20 > 50 > 100 > 200 um
(p < 0.05). Consequently, it was observed that the
hardness loss decreased as the depth increased.
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Table 1. The materials and their compositions tested in the study.

Materials Manufacturer/Lot no

Composition

BioMin F BioMin Technologies Ltd.,
London, England

(#701197)

Glycerin, silica, polyethylene glycol 400 (PEG
400), fluorocalcium phosphosilicate, sodium
lauryl sulfate, titanium dioxide, aroma,
carbomer, acesulfame potassium, fluoride
<530 ppm

Colgate Triple  Colgate-Palmolive Co., Ltd.,

Action China
(#920354)

Calcium carbonate, aqua, sorbitol, sodium
lauryl sulfate, silica hydrate, sodium
monofluorophosphate, aroma, cellulose gum,
magnesium aluminum silicate, sodium
carbonate, benzyl alcohol, sodium saccharin,
sodium bicarbonate, eugenol, cl 74160, cl
74260

FCP COMPLEX  US Patent 8956596,
February 15, 2015

Fluoride (9000 ppm): calcium: phosphoric
acid; 6: 10: 1, distilled water

Fluor Protector [VOCLAR VIVADENT AG,
Schaan, Liechtenstein
(#550579)

Bis {4- [2- (difluorohydroxyl) ethyl] -2-
methoxy-cyclohexyl [N, N- (trimethylhexane-
1,6-dil) dicarbamate] (9 mg) (Fluorosilane),
Poly 2.2 - bis (hydroxymethyl), butanoltris
[(3-isocyanato-4-methylphenyl) carbamate],
ethylacetate isopentyl propionate, fluoride
1000 ppm

Table 2. Mean and standard deviation (SD) of surface VHN for each experimental group.

Groups Treatment

Adjacent-150um  Adjacent-300um  Adjacent-450pum

G1-BF 20.92°* 18,76 13.83%° 6.37°
(4.75) (8.25) (7.01) (4.76)
G2-CTE 16.18" 13.01°® 10.357® 4.77°
(4.30) (4.93) (4.56) (3.74)
G3-FCP 17.94°* 14.74°® 12.09°° 6.03¢
(4.35) (4.18) (3.30) (2.78)
G4-FP 10.48% 8.69% 6.82° 2.45°
(3.10) (4.55) (5.86) (7.90)
G5-C -1.30" 2.19%® -3.02° -2.70°
(3.22) (5.02) (2.55) (5.49)

Different lowercase letters show significant differences in each column. Different capital letters
show significant differences in each row. Standard deviation is shown in parentheses.
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Table 3. Average values of the percentage of subsurface microhardness loss in the treatment
(T) area of the groups at different depths (20um, 50um, 100 pum, 200um).

Groups 20 um 50um 100pm 200pum

G1-BF 4.45 (4.91)° 4.57 (4.93)° 2.60 (4.33)° 2.16 (2.50)°
G2-CTE 4.84 (6.73)° 5.75 (6.26)° 4.77 (5.76)° 3.49 (5.44)°
G3-FCP 12.55 (6.65)° 11.58(6.54)" 7.78(5.68)° 5.70 (4.44)°
GA-FP 22.93 (5.50)° 18.83 (6.06)" 14.36 (4.98)" 9.13 (5.40)°
G5-C 24.36 (7.44) 24.14 (5.44)° 15.51 (6.45)° 11.76 (3.65)°

Different lowercase letters show significant differences in each column. Different capital letters
show significant differences in each row. Standard deviation is shown in parentheses.

20
20 50 100 200
a Depth b

100 200 2 50 100 200
Depth C Depth

Figure 1. a. Graph showing percentage of subsurface microhardness loss in the A-150 area of the groups; b.

Graph showing percentage of subsurface microhardness loss in the A-300 area of the groups; c. Graph showing

percentage of subsurface microhardness loss in the A-450 area of the groups.

DISCUSSION

As a result of developments in preventive
dentistry, studies focused on reducing the prevalence
of caries and preserving the natural structure of the
teeth have intensified. While the rate of caries is
gradually decreasing in many developed countries,
tooth decay remains a significant health problem in
regions where protective applications and non-invasive
techniques cannot be used effectively utilized 'n
recent years, several new calcium phosphate-based
delivery systems have been introduced to the dental
market. These products have been shown contribute to
the remineralization of non-cavitated caries lesions **.

It has been reported that a two-component
solution (1: sodium fluoride + phosphate; 2: calcium
chloride + citric acid) can be used as an alternative to
NaF solution. This solution provides higher fluoride
precipitation on the enamel and dentin at a lower dose
of fluoride. Transverse microradiography analysis has
shown that this two-component solution restores lost
minerals and reduces lesion depth, while NaF solution
only reduces mineral loss 1516
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As a result of the search for a new solution, a
specific ratio of fluoride, calcium and phosphoric acid
was discovered. This ratio (6: 10: 1) allows the three
components to coexist in the solution without
precipitation, and the solution was named FCP
COMPLEX. In an in-vitro pH cycle model, it was found
that this two-component solution is significantly more
effective than NaF solution in remineralizing human
enamel lesions "’

It has been suggested that BioMin F, a new
toothpaste containing fluoride and bioactive glass, can
increase remineralization by continuously releasing
calcium, phosphate and fluoride ions 18 However,
there are limited studies in the literature analyzing the
remineralization potential of toothpastes that contain

both fluoride and bioactive glass )

In  the present study, remineralization
potentials of four materials applied to demineralized
enamel samples were evaluated using a surface
microhardness test. Based on the results of this study,
BioMin F showed the greatest increase in surface
microhardness, regardless of the subgroups of
distances in the treatment area and adjacent area. FCP
COMPLEX followed closely behind BioMin F, while
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Colgate and Fluor Protector had the least effect on
surface microhardness.

In a systematic review 20; it was demonstrated
that bioactive glass-containing materials have the
potential to effectively induce enamel remineralization,
regardless of the mode of administration, when
compared to control conditions and other topical
remineralization treatments.

In a 2018 study, the efficacy of 1450 ppm
fluoride-containing  toothpaste and BioMin F
toothpaste on demineralized enamel was evaluated in
terms of microhardness, and Biomin F was found to be
more effective ‘. The study also suggested that BioMin
F toothpaste showed better enamel remineralization
potential, which was attributed to the presence of
fluoride and bioactive glass in its composition, as well
as its slow and prolonged release of fluoride to obtain
maximum benefits . Similarly, in the present study,
BioMin F was found to be more effective in increasing
surface microhardness compared to 1450 ppm
fluoride-containing toothpaste-Colgate Triple Effect.

The most effective fluoride regimen
preventing caries involves daily application of topical
fluoride in the form of toothpaste and mouthwash. In a
study that evaluated 1100 ppm and 500 ppm
toothpaste and 22600 ppm fluoride-containing varnish
separately and in combination, toothpaste was applied
twice a day for 10 days, while varnish was applied
twice during the study period. The results showed that
varnish application alone was not effective, but the
single and combined use of toothpastes was successful
2, Similarly, in the present study, the results showed
that daily application of toothpaste and a weekly
solution regimen were more effective in promoting
remineralization compared to varnish application,
which is consistent with the results of previous studies.

Complete recovery cannot be achieved when
only the outer layer of an initial enamel lesion is
remineralized, and thus complete remineralization
cannot be attained. However, a combination of
fluoride and other elements has been shown to have a
positive effect on remineralization of all surfaces 3,

Among the remineralization agents used in
this study, BioMin F and Colgate toothpastes were the
most effective in compensating for the loss of
subsurface microhardness, followed by FCP COMPLEX.
However, Flour Protector did not show any
remineralization effect beneath the surface. This may
be attributed to the fact that agents with fluoride
concentrations do not achieve complete repair
beneath the surface, even though they provide
hypermineralization on the surface ,
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Bakry et al. % evaluated the remineralization
effect of a paste containing 9000 ppm topical fluoride
solution and bioactive glass applied to demineralized
enamel. According to the results of the study, the paste
with bioactive glass improved the micromechanical
properties of the sub-surface lesion of demineralized
enamel. The high remineralization capacity of the
bioactive glass observed in this study may be attributed
to its high calcium and phosphate content
Remineralizing agents containing calcium and
phosphate have been reported to penetrate deeply
and provide better remineralization for the entire
depth of enamel subsurface lesions °. Similarly, in the
present study, the bioactive glass-containing
toothpaste showed the highest sub-surface
remineralization compared to other materials.

In a study comparing the surface and
subsurface effects and fluoride release of FCP
COMPLEX and NaF solution applications on caries-
affected dentine, a large amount of precipitation was
observed on the surface in the FCP COMPLEX group,
and a smoother dentin was observed in the section
compared to other groups. The fluoride density
examined was 14 times more in the FCP COMLEX group
than in the NaF group. As a result, FCP-COMPLEX has
been shown to significantly increase fluoride
accumulation and inhibit demineralization °.

A remineralization system that maintains
sufficient concentrations of fluoride together with
calcium and phosphate ions has the ideal effect. In
such a system, mineral recovery takes place in the sub-
surface layers instead of being limited to the enamel
surface *°. Both BioMin F toothpaste, which provides
the most effective remineralization, and FCP COMPLEX
solution, which shows similar values, contains fluoride,
calcium and phosphate.

A study has shown that early caries can be
evaluated using a surface microhardness test, while
caries progression can be evaluated using a sub-surface
microhardness test. In a sectional analysis, it was
observed that as the depth increased, the size of the
lesion decreased and the hardness and mineral gain
increased *’. Based on this study, we found that the
order of microhardness loss was 20 pum > 50 um > 100
um > 200 um.

In the present study, surface and sub-surface
microhardnesses were evaluated at the treatment area
and adjacent distances of 150um, 300um and 450um.
The general average of all groups showed that the
remineralization order decreased with distance, with
the highest values observed at the treatment area with
surface and sub-surface microhardness analyses. In the
control group where no remineralizing agent was
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applied, there was no significant difference between
the microhardness values at the distances.

One of the limitations of this in-vitro study
was the use of bovine teeth. The reasons for choosing
bovine teeth were their ease of obtaining large
numbers of samples of sufficient quality and the ability
to standardize age, nutrition, and other environmental
conditions (such as fluoride uptake) that are difficult to
control in human teeth. However, despite these
advantages, the chemical composition, structural and
morphological properties of bovine teeth cannot be
fully compared with human teeth, which may have
affected the results. Another limitation of this study is
that the in vitro method does not fully reflect the oral
environment and demineralization process. Factors
such as human saliva, nutritional habits and dental
pellicle found in in vivo and in situ studies make the
experimental conditions compatible with the oral
environment. In addition, the lack of a parameter such
as SEM or laser fluorescence to support microhardness
measurement or the lack of a TMR analysis, which is
accepted as the gold standard in the evaluation of
mineral change, is a limitation of this study. Given
these limitations, the results of this study evaluating
the effects of various materials on remineralization of
demineralized enamel surfaces and sub-surfaces
should be supported by additional in-vitro studies and
clinical studies in the light of these findings.

CONCLUSIONS

Within the limitations of this in vitro study,
Biomin F may be an effective option for promoting
surface and subsurface remineralization compared to
other tested remineralization agents. On the other
hand, fluoride varnish may not be a good alternative to
ensure subsurface remineralization. The findings
emphasized the proportional relationship between the
remineralization effect of the applied remineralization
agent in the treatment area and the adjacent area,
highlighting the importance of selecting the agent
accordingly.
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