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Abstract
Objectives The objective of this study was to evaluate the
in vitro effect of low-fluoride (F) gels supplemented with
sodium trimetaphosphate (TMP) on enamel demineralization.
Materials and methods Bovine enamel blocks (n =160) were
selected based on surface hardness (SH) and divided into eight
treatment groups (n =20 per group): no F or TMP (placebo),
3 % TMP (3 %TMP), 5 % TMP (5 %TMP), 4,500 μg F/g
(4,500), 4,500 μg F/g+3 % TMP (4,500 3 %TMP), 4,500 μg
F/g+5 % TMP (4,500 5 %TMP), 9,000 μg F/g (9,000), and
12,300 μg F/g (acid gel). Blocks were subjected to
demineralization/remineralization cycling for 5 days. Subse-
quently, surface hardness (SH1) and integrated loss of subsur-
face hardness (ΔKHN) were assessed, and the concentrations
of loosely bound (CaF2-like) and firmly bound (FA-like)
formed and retained F were determined.
Results The 4,500 5 %TMP and acid gel groups showed
similar results and had the lowest mineral loss (SH1 and
ΔKHN). The acid gel group had the highest concentration of
CaF2-like F, but the formation and retention of FA-like F was
greater in the 4,500 5 %TMP group than in the acid gel group
(p <0.05).
Conclusion It is possible to inhibit enamel demineralization
with low-F gels supplementing these gels with 5 % TMP.
Clinical relevance The low-F gel containing TMP can be
regarded as a safer alternative for clinical use from a

toxicological point of view since it contains half of the amount
of a conventional formulation while promoting similar
anticaries effect.
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Introduction

The effectiveness of topical fluoride (F) as a cariostatic agent
is well established; the anticaries effect of topical products
with high F concentration is related to the deposition of CaF2
on enamel, which is dependent on concentration and pH [1,
2], although F can also be incorporated into the enamel crystal,
forming a fluorapatite-like mineral and improving the ability
of enamel to resist acid challenge [1, 3]. Products with high F
concentrations have proven efficacy and are used in the form
of solutions, gels, foams, and varnishes [4, 5]. Topical appli-
cation of F is also performed by dental professionals to inter-
rupt active caries lesions, mainly in patients at high risk of
developing this disease [4–6]. In addition, dental care pro-
grams for children aged 0–3 years [7, 8] recommend the use of
products with high F concentrations for cases of active caries.
A university-based study in Brazil recommended the use of F
varnish in such cases because of its better safety profile [9].
However, F varnish is costly, and its availability is restricted at
the public health level (mainly in developing countries); there-
fore, F gels are most commonly used.

However, even professionally applied products have a high
F concentration, which makes the risk of intoxication a con-
cern. The patient may ingest the product during application,
and young children do not have fully developed complex
sputum [4]. Therefore, safer products and methods of F appli-
cation are required to prevent gastric irritation, nausea, and
vomiting [10, 11]. In addition to clinical precautions to reduce
the intake of the product during application, a reduction in the
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F concentration in the gels could also impact F intake. With
this concern, some authors [12] showed that 0.62 and 0.32 %
acidulated gels may be utilized for caries prevention in chil-
dren, even though caries preventive effects are not as high as
after treatment with 1.25 % APF gel.

The addition of a phosphate with anticaries activity [13,
14], such as sodium trimetaphosphate (TMP), may enable a
reduction in the F concentration of some products [14–17].
Some studies have demonstrated the anticaries action of phos-
phate salts [13, 14, 18, 19] based on the evaluation of its
effectiveness after addition to rat diets. The addition of TMP
to the diet resulted in a protective effect as well as delay in
caries development [20–22]. Clinical trials testing chewing
gum containing 1.5 % TMP [23] or dentifrices with 3 % TMP
showed a reduction of caries [19]. In contrast, a 3 % TMP
dentifrice had significantly higher caries when compared to a
fluoride dentifrice [24]. When the 3 % TMP was associated to
sodium, fluoride dentifrices (1,000–1,500 μg F/g) did not
improve the anticariogenic action when compared to denti-
frices without TMP [25]. However, the addition of TMP to
dentifrices with low F concentrations has in vitro anticaries
activity that is similar or superior to that of a standard denti-
frice containing 1,100 μg F/g [26]. Although some studies
suggest that TMP reduces demineralization, its mechanism of
action remains unclear [21, 27].

Thus far, no studies have evaluated the efficacy of TMP-
supplemented low-F gels in combating demineralization.
Studies of new gels with these characteristics are important
to assess the efficacy of these gels in reducing both enamel
demineralization and the risk of intoxication. The aim of this
study was to evaluate the ability of TMP-supplemented low-F
gels to inhibit in vitro enamel demineralization. The null
hypothesis was that low-F gels associated to TMP would
present the same ability to reduce the enamel demineralization
when compared to low-F gel without TMP.

Material and methods

Experimental design

Bovine incisors were stored in a 2 % formaldehyde solution
(pH 7.0) for 30 days at room temperature after extraction. To
obtain enamel blocks (4×4 mm, n =160), the vestibular sur-
faces of the bovine incisors were fixed to acrylic plates and
sectioned longitudinally and transversally along the flat por-
tion using a precision saw (IsoMet 1000, Buehler, Lake Bluff,
IL, USA) with two diamond disks (series 15HC 11–4243—
Diamond, Buehler) separated by a spacer disk (thickness,
4 mm) under refrigeration with distilled/deionized water.
The enamel surfaces were sequentially polished using 600-,
800-, and 1,200-grade water-cooled silicon carbide paper
disks (Buehler), with a final polish using a felt disk (Buehler

Polishing Cloth 40–7618) moistened with a 1-μm diamond
polishing suspension (Extec Corp., Enfield, CT, USA). Blocks
with a surface hardness (SH) between 320 and 380 KHNwere
selected and randomized into eight groups (n =20 per group):
(a) gel without F or TMP (placebo), (b) gel containing 3 %
TMP (3 %TMP), (c) gel containing 5 % TMP (5 %TMP), (d)
gel containing 4,500 μg F/g (4,500), (e) gel containing
4,500 μg F/g+3 % TMP (4,500 3 %TMP), (f) gel containing
4,500 μg F/g+5 % TMP (4,500 5 %TMP), (g) gel containing
9,000 μg F/g (9,000), and (h) gel containing 12,300 μg F/g
(acid gel). Each block was sealedwith nail varnish, leaving the
enamel exposed. The gels were then applied once to the
enamel surfaces of the appropriate group. After the gel treat-
ment, ten blocks from each group were used to determine the
concentrations of loosely bound (CaF2-like) and firmly bound
(FA-like) F formed in the enamel. The other ten enamel blocks
from each group were treated with the respective gels under
the same conditions and then subjected to pH cycling for
5 days. After pH cycling, surface hardness (SH1) and cross-
sectional hardness were assessed to calculate the integrated
loss of subsurface hardness (ΔKHN). The depths of the
surface layer and the lesion were then calculated by polarized
light microscopy (PLM). The concentrations of CaF2-like and
FA-like F retained in the enamel were also determined
(Fig. 1).

Gel formulation and determination of fluoride and pH
in products

An experimental gel with a neutral pH was prepared in a
laboratory using the following ingredients: carboxymethylcel-
lulose (Synth, Diadema, São Paulo, Brazil), sodium saccharin
(Vetec, Duque de Caxias, Rio de Janeiro, Brazil), glycerol
(Merck, Darmstadt, Germany), peppermint oil (Synth), and
water. Fluoride (NaF; Merck) was added to the gel at concen-
trations of 0, 4,500, or 9,000 μg F/g. Subsequently, TMP
(Sigma-Aldrich Co., St. Louis, MO, USA) was added at
concentrations of 3 or 5 % to the gels with F concentrations
of 0 and 4,500 μg F/g. A commercial acidic gel was used as a
positive control (12,300 μg F/g, acid gel, pH=4.5, DFL
Indústria e Comércio S.A., Rio de Janeiro, RJ, Brazil). The
F concentration in the gels was determined using a specific
electrode for the F ion (9609 BN; Orion Research Inc., Bev-
erly, MA, USA) attached to an ion analyzer (Orion 720 A+;
Orion Research Inc.) and calibrated with standards containing
0.125–2.000 μg F/g. Approximately 100 mg of each product
was dissolved in deionized water and transferred to a volu-
metric flask. The volume was then adjusted to 100 ml using
deionized water. For each product, three dilutions were pre-
pared. Subsequently, two samples of 1 ml were buffered with
total ionic strength adjustment buffer II (TISAB II) [28]. The
pH of the experimental gels in the suspensions (100 mg of gel
in 100 ml of deionized water) was checked electrometrically
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using an Orion 720 A+ (Orion Research Inc.) calibrated with
standard solutions of pH 4.0 and 7.0.

Gel treatments and demineralization/remineralization cycling

The treatments were applied for 1 min to each gel block (3 g/
block) (Fig. 1c) [29–31]. After treatment, the gel was re-
moved, and the blocks were washed with deionized water.
Thereafter, ten blocks from each group were subjected to five
pH cycles at 37 °C during a procedure that lasted for 7 days
[32]. The blocks were then placed in a demineralizing solution
(DE; 2.0 mmol/l Ca and P in 75 mmol/l acetate buffer, pH 4.7;

0.04 μg F/ml; 2.2 ml/mm2). After 6 h, the blocks were
transferred to a remineralizing solution (RE; 1.5 mmol/l Ca,
0.9 mmol/l P, and 150 mmol/l KCl in 0.1 mol/l cacodylic
buffer, pH 7.0; 0.05 mg F/ml; 1.1 ml/mm2) for 18 h (Fig. 1d).
The blocks were rinsed with deionized water between each
step. The blocks were kept in fresh RE solution during the last
2 days of the procedure.

Hardness measurements

The hardness of the enamel surface of each block was deter-
mined before the topical application of the gels (SH, Fig. 1b)

Fig. 1 Flow chart of the in vitro experimental study design. a Enamel
blocks: sequentially polished with 600-, 800-, and 1,200-grade water-
cooled silicon carbide [SiC] paper disks and felt disk wetted with solu-
tions of 1 μm diamond. b Surface hardness test (five indentations, 25-g
load, 10 s). c Gel treatments. d Demineralization pH cycling (De
demineralizing and Re remineralizing). e Surface hardness analysis after
demineralization pH cycling (SH1). f Section longitudinally through the

center of the enamel block. g Half of each block was embedded in acrylic
resin. h Cross-sectional hardness analyses were made (5-g load and 10 s).
i Blocks sealed with wax. j Analysis CaF2-like F formed and retained
(fluoride analysis). k Microabrasion. l Dissolution of enamel powder in
acid for analysis FA-like formed and retained in enamel. m Analysis
utilizing fluoride electrode
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and after pH cycling (SH1, Fig. 1e) using a Shimadzu HMV-
2000 microhardness tester (Shimadzu Corp., Kyoto, Japan)
with a Knoop diamond indenter under a 25-g load for 10 s.
Five indentations spaced 100 μm apart were created in the
center of the enamel block (SH). After pH cycling, five
indentations spaced 100 μm from the baseline indentations
were created for determination of surface hardness (SH1).

For cross-sectional hardness measurements, the enamel
blocks were longitudinally sectioned through their center
(Fig. 1f) and embedded in acrylic resin with the cut face
exposed (Fig. 1g). They were then gradually polished until
the enamel was totally exposed. Three sequences of 14 inden-
tations were created 100 μm apart at different distances (5, 10,
15, 20, 25, 30, 40, 50, 70, 90, 110, 130, 220, and 330 μm)
from the surface of the enamel in the central region using a
Micromet 5114 hardness tester (Buehler and Mitutoyo Corp.,
Kanagawa, Japan) and Buehler OmniMet software (Buehler)
with a Knoop diamond indenter under a 5-g load for 10 s
(Fig. 1h). The mean values at all three measuring points at
each distance from the surface were then averaged. The inte-
grated hardness (IH; KHN × μm) of lesions in sound enamel
was calculated by the trapezoidal rule (GraphPad Prism, ver-
sion 3.02) and subtracted from the IH for sound enamel to
obtain the integrated area of the subsurface region in the
enamel, which was termed integrated loss of subsurface hard-
ness (ΔKHN; KHN × μm) [33]. Hardness measurement can
be used to quantify mineral loss since it presents a positive
correlation with mineral content [34]. To analyze the patterns
of demineralization, differential hardness profiles were calcu-
lated by subtracting the hardness values of the placebo group
from those of the TMP groups (i.e., placebo group values
minus the 3 %TMP and 5 %TMP group values) and by
subtracting the hardness values of the 4,500 group from those
of the F and F + TMP groups (i.e., 4,500 group values minus
the 4,500 3 %TMP, 4,500 5 %TMP, 9,000, and acid gel group
values) at each depth. These differential profiles were then
integrated over two depth zones in the lesion (zone A, 5–
70 μm; zone B, 70–130 μm) and underlying sound enamel to
yield ΔIH values.

Polarized light microscopy

Next, a diamond saw was used to prepare sections of approx-
imately 600-μm thickness from half of each block embedded
in acrylic resin. The tooth slices were then ground and
polished to a thickness of 100 μm using a BETA grinder
polisher (Buehler). Enamel sections were mounted on slides
in distilled/deionized water and covered with a cover glass, the
edges of which were sealed with synthetic resin (Entellan,
Merck, Darmstadt, Germany) [26]. The sections were exam-
ined by PLM (AxioPhot; Zeiss, Oberkochen, Germany)
at×400 magnification. Three areas in the central regions of
the slices were analyzed using Axiovision Software Rel. 4.3 to

verify the presence and thickness (micrometer) of the superfi-
cial enamel layer (superficial PLM) and the demineralization
depth (depth PLM).

Analysis of the CaF2-like F concentration in enamel

The concentration of CaF2-like F in enamel (Fig. 1j) was
analyzed to evaluate the amount of CaF2-like F present
after the application of the F gel (CaF2-like F formed)
and after pH cycling (CaF2-like F retained). A digital
caliper (Mitutoyo CD-15B; Mitutoyo Corp., Japan) was
used to measure the surface area of the enamel [35, 36].
The surface of each specimen, except for the enamel, was
coated with wax. The specimens were then immersed in
0.5 ml of 1.0 mol/l KOH solution for 24 h under constant
agitation. The solution was then neutralized with 0.5 ml
of 1.0 mol/l HCl and buffered with 1.0 ml of TISAB II.
An ion analyzer (720A; Orion Research, USA) and a
combined ion-selective electrode (9609 BN; Orion Re-
search, USA) previously calibrated with standards of
0.0625, 0.125, 0.250, 0.500, and 1.0 μg F/ml were used.
Data were obtained in mV and were converted to micro-
gram F per square centimeter using Microsoft Excel.

Analysis of the FA-like F concentration in enamel

After extraction of the CaF2-like F, an enamel biopsy was
performed (Fig. 1l) [37]. Blocks measuring 2×2 mm (n =
160) were obtained from half of the longitudinally sec-
tioned blocks. To measure depth, the blocks were fixed to
a mandrel and attached to a handpiece (N 270; Dabi-
Atlante, Ribeirão Preto, SP, Brazil) fixed to the top of a
modified microscope with a micrometer (Pantec, Sao
Paulo, SP, Brazil). Self-adhesive polishing disks (diame-
ter, 13 mm) and 400-grit silicon carbide (Buehler) were
fixed to the bottom of polystyrene crystal tubes (J-10;
Injeplast, Sao Paulo, SP, Brazil). One layer of 100 μm
was removed from each enamel block. A total of 0.5 ml
of 0.5 mol/l HCl was added to the enamel powder
retained on the polishing disk fixed to the polystyrene
crystal tube. This mixture was then agitated for 1 h, and
then, 0.5 ml of 0.5 mol/l NaOH was added [38]. For the
FA-like F analysis (FA-like F formed and retained), a
specific electrode (Orion 9609) was connected to an ion
analyzer (Orion 720+) and TISAB II. A 1:1 ratio (TISAB/
sample) was used (Fig. 1m).

Statistical analysis

For statistical analysis, SigmaPlot software version 12.0
(SigmaPlot, Systat Software Inc., San Jose, CA, USA) was
used, and the significance limit was set at 5 %. Experimental
groups (placebo, 3 %TMP, 5 %TMP, 4,500, 4,500 3 %TMP,
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4,500 5 %TMP, 9,000, and acid gel) were considered as fixed
factors. After proving homogeneity, the variables SH1,
ΔKHN, superficial PLM, and depth PLMwere analyzed using
analysis of variance (one-way) followed by Bonferroni post
hoc tests. The CaF2-like F and FA-like F (log transformation)
concentrations in enamel and the ΔIH values were analyzed
using analysis of variance (two-way) followed by Bonferroni
tests. The Pearson correlation coefficient betweenΔKHN and
depth PLM was also calculated.

Results

The mean (SD) F ion concentration in the placebo, 3 %TMP,
5 %TMP, 4,500, 4,500 3 %TMP, 4,500 5 %TMP, 9,000, and
acid gel groups was 113.8 (1.9), 150.5 (43.6), 99.9 (3.3),
4,733.9 (77.3), 4,100.9 (22.3), 4,400.1 (11.92), 8,940.9
(218.9), and 11,247.0 (54.0)μg F/g, respectively. The mean
(SD) SH for all blocks was 373.4 (0.5) KHN, and no signif-
icant difference was observed among the groups (p =0.610).
All gels, except for the acid gel, had a neutral pH.

The SH1 results (Table 1) showed that the placebo and
5 %TMP groups had similar hardness values (p =0.491), as
did the 4,500 5 %TMP, 9,000, and acid gel groups (p =0.073).
The F and TMP groups (4,500 3 %TMP and 4,500 5 %TMP)
differed from each other (p =0.007). The ΔKHN results
(Table 1) indicated that groups without F (placebo, 3 %TMP,
and 5 %TMP) had the highest values when compared to the
other groups (p <0.001). The results for the 4,500 5 %TMP
and acid gel groups were similar (p =0.170) in terms of lesion

area (ΔKHN). PLM (Table 1) showed that enamel blocks
treated with the acid gel and 4,500 5 %TMP had shallower
lesions (p =0.877) than those of the other groups (p <0.001).
There was no difference in the thickness of the superficial
layer of enamel between the groups (p =0.134). Subsurface
lesions were observed regardless of treatment but were present
to a lesser extent in the F groups (Fig. 2). A positive correla-
tion was observed betweenΔKHN and depth PLM (Pearson’s
r value=0.911; R2=0.829; p <0.0001).

The acid gel group had higher concentrations of formed
CaF2-like F (after topical application) than did the other
groups (p <0.001). After pH cycling, all groups had similar
concentrations of retained CaF2-like F (p >0.05). The concen-
tration of formed FA-like F in enamel (Table 2) (after topical
application) was similar among the 4,500, 4,500 3 %TMP,
4,500 5 %TMP, and 9,000 groups (p >0.05). There was no
change in the FA-like F concentration after pH cycling in these
groups (retained FA-like F; p >0.05), except that the 9,000
group had greater concentrations of retained FA-like F than
formed FA-like F (p =0.003). The acid group also had a higher
concentration of retained FA-like F versus formed FA-like F
(p <0.001).

Differential hardness profiles (Fig. 3) provided evidence of
different subsurface lesion patterns among the TMP and F
groups. The demineralization process was more pronounced
in zone A (5–70 μm, Fig. 3a) than in zone B among the TMP
groups (p <0.001, Table 3). The 4,500 5 %TMP group had
lower demineralization in zone B (70–130 μm) than did the
other groups (p =0.001, Table 3). Other comparisons are
shown in Table 3.

Table 1 Mean (SD) values of hardness (n =10) and polarized light microscopy (PLM) analysis according to the groups

Groups Analysis

Hardness PLM

SH1
a ΔKHNb Superficialc Depthd

Placebo 75.4 (35.5)a 11,610.7 (988.8)a 9.1 (3.8)a 110.7 (24.3)a

3 %TMP 31.7 (12.5)b 12,211.1 (1,310.9)a 11.1 (1.1)a 114.8 (31.4)a

5 %TMP 51.5 (33.9)a, b 11,743.7 (773.3)a 7.5 (6.7)a 111.6 (13.4)a

4,500 198.2 (20.5)c 8,229.1 (773.3)b 10.6 (3.1)a 74.0 (18.3)b

4,500 3 %TMP 219.5 (50.5)c 6,993.5 (1,038.4)b, d 9.6 (4.8)a 76.2 (18.7)b, c

4,500 5 %TMP 274.9 (10.3)d 4,078.2 (589.1)c 8.4 (4.6)a 53.6 (15.6)d

9,000 280.6 (9.1)d 6,124.0 (939.6)d 8.9 (4.0)a 67.8 (13.3)c, b

Acid gel 293.4 (24.8)d 4,582.3 (948.4)c 6.3 (1.6)a 52.6 (9.1)d

Distinct superscript lowercase letters indicate statistical significance in each columns (SH1, ΔKHN, superficial PLM, and depth PLM;
Bonferroni test, p <0.05)
a SH1: surface hardness after pH cycling- KHN
bΔKHN: integrated loss of subsurface hardness- KHNxμm
c Superficial PLM: thickness of the superficial enamel layer- μm
dDepth PLM: thickness of the demineralization depth- μm
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Discussion

The application of products with high F concentrations is
recommended for patients who have a high risk of developing
dental caries. The use of these products in young children
[7–9] must be carefully monitored because of the risk of acute
intoxication. The greatest risk of F intoxication may be related
to the concentrated F preparations used in professionally
applied treatments. Although some dental fatalities [11, 39]
related to F poisoning have been reported, the doses used for
prevention of dental caries most often lead to mild symptoms
of gastric irritation because of the corrosive effect of
hydrofluoric acid on the epithelial lining of the gastrointestinal
tract. The results of this study demonstrate that it may be
possible to reduce the amount of F intake after topical appli-
cation. The association of TMPwith F enables the formulation

of a gel with a low F concentration (4,500 μg F/g) without
altering the efficacy of treatment; this result was not observed
in another study, to which reducing the concentration of
sodium fluoride gels acidified not obtain satisfactory results
against the ability to inhibit the demineralization of tooth
enamel [12]. The ΔKHN and ΔIH values observed in this
study confirm previous findings that TMP reduces mineral
loss deep in the enamel (Fig. 3 and Table 3) [13, 21].

The current study shows that TMP affects the processes of
enamel de- and remineralization and that the mode of action of
TMP is related to the development of lesions deep in the
enamel. Different demineralization patterns were observed in
the lesions of the TMP only and F groups, which is consistent
with the findings of other authors [16]. Lower demineraliza-
tion was observed deep in the enamel when TMP was present
in the gel (Table 3 and Fig. 3). Analysis of all outcomes

Fig. 2 a Polarized light
photomicrograph of lesion
formed after treatment with
placebo gel (no fluoride, no
TMP); b polarized light
photomicrograph of lesion
formed after treatment with gel
containing 5 %TMP; c polarized
light photomicrograph of lesion
formed after treatment with acid
gel; d polarized light
photomicrograph of lesion
formed after treatment with gel
containing 4,500 5%TMP (×400)

Table 2 Concentrations of calci-
um fluoride (CaF2-like) and fluo-
ride (FA-Like) present in enamel
(formed and retained) after
in vitro experiment according
with the groups

Lowercase letters indicate differ-
ences between groups in each
analysis (CaF2-like and FA-like)
and capital letters indicate the
differences between CaF2-like
formed and retained and FA-like
formed and retained (Bonferroni,
p <0.0001)

Groups Fluoride analysis in enamel

CaF2-like (μg F/cm2) FA-like (μg F/mm3)

Formed Retained Formed Retained

Placebo 0.35 (0.06)a, A 0.61 (0.10)a, A 0.32 (0.09)a, b, A 0.33 (0.13)a, A

3 %TMP 0.24 (0.06) a, A 0.41 (0.33)a, A 0.30 (0.07)a, b, A 0.55 (0.06)b, c, B

5 %TMP 0.38 (0.03)a, A 0.45 (0.22)a, A 0.23 (0.06)a, A 0.32 (0.12)a, B

4,500 2.16 (0.32)b, A 0.67 (0.37)a, B 0.44 (0.16)b, c, A 0.50 (0.17)a, b, c, A

4,500 3 %TMP 1.17 (0.84)b A 0.26 (0.05)a, B 0.40 (0.09)b, c, A 0.49 (0.21)a, b, c, A

4,500 5 %TMP 1.85 (0.72)b, A 0.91 (0.49)a, B 0.60 (0.15)c, A 0.60 (0.21)b, c, A

9,000 5.43 (1.58)c, A 0.67 (0.36)a, B 0.44 (0.05)b, c, A 0.75 (0.28)c, B

Acid gel 21.11 (3.54)d, A 1.16 (0.49)a, B 0.22 (0.08)a, A 0.45 (0.17)a,b, B
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(Table 1, ΔKHN values) suggested that TMP alone does
not reduce demineralization; demineralization is reduced
only when TMP is combined with F. However, the differ-
ential calculation (placebo group values minus the TMP
gels F-free group values) showed that TMP alone (3 or
5 %) reduced mineral loss deep in the enamel (Table 3
and Fig. 3). In this study, the gels used were applied once
for 1 min, and it was possible to observe the inhibitory
effect of TMP on demineralization. The linear chain
polyphosphates show higher adsorption on enamel but
lower substantivity. The TMP remains bound to enamel
for a longer period than do linear polyphosphates [40],
and this may help explain the observed outcomes.

The difference between the 4,500 and 9,000 groups indi-
cates that increasing the F concentration of the gel had an
effect on the outer layer of the enamel (Table 3). It is well
established that the effect obtainedwith acid gel was due to the
large deposits of CaF2 (Tables 1 and 2) [12]. This effect was
visible in the superficial enamel layers rather than in the

deeper layers (Fig. 3 and Table 3). In the presence of TMP, a
greater Ca flux inside the lesions in the deeper layers can
block the interprismatic pores at the lesion front, thus reducing
acid diffusion to the underlying sound enamel [16]. As a
result, TMP preserves the stability and integrity of the enamel
mineral surface [12]. According to some authors [16], an F-
rich precipitate in the lesion does not block acid diffusion to
deeper layers.

The anticaries effect of topical products with high F con-
centrations is related to the deposition of CaF2 on enamel [1,
12], which is dependent on concentration and pH. Data relat-
ing to CaF2 formation in the present study showed a positive
correlation between the experimental placebo, 4,500, and
9,000 gels (r =0.982; R2=0.927). CaF2-like F formation was
four times higher when an acid gel was used than when a
neutral gel was used (9,000 group). The decrease (90 %) in
CaF2-like F formation in the 9,000 group during pH cycling
(which resulted in a 70 % increase in FA-like F in enamel)
may have produced a similar effect (SH1) to that in the acid gel
group (Table 1), being limited to the superficial layer of the
enamel. A smaller subsurface lesion observed in the acid gel
group (Fig. 3b and Table 3) was related to greater deposition
of CaF2-like F formed in the enamel because FA-like F present
in enamel after pH cycling was similar between treatments
with and without F (Table 2). The combined use of F and TMP
did not alter the adsorption pattern of CaF2-like F in enamel.
Furthermore, the pattern of CaF2-like F loss was lower with
5 %TMP (50 %) than with the other F gels alone (70–90 %).
Therefore, the FA-like F formed in the enamel (the 4,500
5 %TMP groups had three times more F than did the acid
gel group) may contribute to reduced demineralization.

Although TMP and F act independently and simultaneous-
ly [13, 16], the molar proportion of TMP/NaF is important for
optimizing the anticaries action [15, 17]. The suggested molar
proportion of TMP/NaF is between 1.24:1 and 3.72:1 [15, 17].
The molar proportion in the 4,500 5 %TMP group was 0.7,
which is close to the lowest value described above. A concen-
tration of 7 % TMP may increase the efficiency of the F gel.
Considering that a topical gel may be applied in the presence
of the salivary pellicle and plaque, the effect of the gel on the
enamel may be reduced because polyphosphates can be

Fig. 3 a Differential hardness
profiles (hardness vs depth)
calculated by subtracting no
fluoride gels profiles from
placebo. b Differential hardness
profiles calculated by subtracting
fluoride gels profiles from 4,500
group (Table 3)

Table 3 ΔIH values calculated for two zones in the enamel lesions
according to the groups

Groups ΔIHa (Hardness × μm)

Zone A (5–70 μm) Zone B (70–130 μm)

3 %TMP −1,046.6 (656.9)A, a 386.8 (254.1)B, a

5 %TMP −381.1 (845.8)A, b 216.0 (105.9)B, a

4,500 3 %TMP 1,056.2 (736.5)A, a 196.7 (140.2)B, a

4,500 5 %TMP 3,550.0 (668.1)A, b 653.2 (158.3)B, b

9,000 2,066.0 (767.8)A, c 14.9 (63.5)B, c

Acid gel 3,238.2 (854.5)A, b 367.5 (216.8)B, d

Distinct superscript capital letters indicate the differences between zones
A and B in each line (Bonferroni test, p <0.001). Values denote means
with SD in parentheses. Distinct superscript lowercase letters in the first
two rows indicate statistical significance in each column considering 3 %
TMP and 5 % TMP groups (Bonferroni test, p <0.0001). Distinct super-
script lowercase letters in the next four rows indicate differences between
groups in each columns considering 4,500 3%TMP, 4500 5%TMP, 9000
and Acid gel groups (Bonferroni test, p <0.0001)
aΔIH: positive values denote higher integrated hardness and vice versa
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adsorbed by organic and inorganic components of the biofilm
[41]. Thus, the effect of TMP on enamel can be limited.
However, this hypothesis needs to be investigated. Therefore,
in situ studies must be performed to determine the effect of the
salivary pellicle or plaque. The results of this study cannot be
considered definitive because although the chemical model
simulates the development of caries under controlled condi-
tions, it still has limitations. All in vitro protocols are not able
to reproduce the complex intraoral conditions or to mimic
solid surface area/solution ratios; the substrate utilized is
bovine enamel; the time periods of de- and remineralization
are much faster; they are not able to adequately simulate
clearance of products and the saliva/plaque fluid composition
[42]. But, the in vitro studies can estimate the role of new
anticaries compounds and to screening tests.

Conclusions

On the basis of the findings of this in vitro study, we conclude
that the addition of 5 %TMP to gels with a reduced concen-
tration of F (4,500) can inhibit enamel demineralization.
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