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Abstract
Objectives This in vitro study evaluated the effect of microparticles (TMPmicro) or nanoparticles (TMPnano) TMP associated
with fluoride (F) in toothpaste formulations on the obliteration of dentinal tubules (DT).
Materials and methods The dentinal tubules of bovine dentin blocks were unobstructed by immersion in 37% phosphoric acid
solution. Blocks (n = 20/group) underwent mechanical brushing (2×/day) during 7 days with toothpastes: placebo, 1100 ppm F,
and 1100 with 3% TMPmicro or 3% TMPnano. After that, ten blocks of each group were immersed in citric acid (pH 3.2) for
1 min. The number, diameter and area of unobstructed DT, atomic % of chemical elements from precipitates, and the mineral
concentration were quantified. Data were submitted to two-way ANOVA, followed by Student-Newman-Keuls test (P < 0.05).
Results Toothpastes containing TMPmicro and TMPnano promoted greater obliteration of DTand greater mineral concentration
compared to other groups (P < 0.05). Placebo and 1100 ppm F group presented similar obliteration but 1100 ppm F group
promoted higher mineral concentration. Higher Ca/P ratios were observed in groups treated with TMP; the acid challenge
reduced Ca/P ratio for all groups. The atomic % of C and N was significantly lower for TMP toothpastes before acid challenge,
but increased afterwards.
Conclusions It was concluded that the addition of TMPmicro or TMPnano to F toothpastes produced greater obliteration of
dentinal tubules and higher mineral concentration when compared with 1100 ppm F.
Clinical relevance By the addition of TMP, fluoride toothpastes may occlude the dentinal tubules, with potential to reduce dentin
hypersensitivity.

Keywords Fluorides . Calcium phosphates . Collagen . X-ray microtomography . Nanoparticles . Energy-dispersive X-ray
spectroscopy

Introduction

Dentin exposure at the cervical tooth region is associated with
dentin hypersensitivity. According to the hydrodynamics the-
ory [1], the occlusion of dentinal tubules is the mainmethod to
treat hypersensitive teeth because it reduces the fluid flow
inside the tubules, thus relieving the sensitivity symptoms
[2–7]. Considering that acidic substances open the dentinal
tubules [8, 9], an ideal agent for promoting dentinal tubule
obliteration should, therefore, be acid resistant.

The most common agents that promote plugging of
dentinal tubules are sodium fluoride, stannous fluoride,
strontium salts, calcium phosphate, calcium carbonate, ar-
ginine, and bioactive glasses [10, 11]. Also, toothpastes
are the most common vehicles for incorporation of
desensitizing agents, especially due to their relative low
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cost, ease of use, and possibility of home application [12,
13]. Besides producing occlusion of dentinal tubules, they
must maintain their effects in the presence of acid chal-
lenge, mechanical removal, and salivary clearance [10].
Also, saliva contains proteins and ions that can interfere
with the adsorption of desensitizing agents on the surface
or solubilize them [13].

Agents intended to produce the occlusion of dentinal
tubules must have affinity to collagen or hydroxyapatite.
Phosphates, such as sodium trimetaphosphate (TMP),
have a strong affinity to OH− sites of hydroxyapatite
[14, 15]. The addition of 3% TMP to fluoride toothpastes
(1100 ppm) has been shown to reduce enamel demineral-
ization when compared to conventional toothpastes [16].
This effect was greater adding TMP nanoparticles to con-
ventional F toothpastes [17]. Based on the above, it would
be interesting to verify whether a TMP-containing tooth-
paste also presents capacity to promote the obliteration of
dentinal tubules.

Therefore, the aim of this study was to evaluate the ability
of fluoride toothpastes (1100 ppm F) containing TMP in pro-
moting the obliteration of dentinal tubules with or without
acid challenge. The study also aimed to verify whether reduc-
ing TMP particle size would further enhance such effects. The
null hypotheses were that TMP-containing fluoride tooth-
pastes have a similar ability to occlude dentinal tubules as a
toothpaste with 1100 ppm F, that acid challenge does not alter
the obliteration of dentinal tubules, and that particle size does
not influence the results.

Materials and methods

Specimen preparation

Dentin blocks (4 × 4 × 2 mm) were obtained from the
region below the dentinoenamel junction of bovine incisor
roots (n = 90), previously sterilized in a microwave at
650 W, for 3 min [18]. The outer root surface was ground
flat with water-cooled silicon carbide paper disks (600
and 1200 grades; Extec, Enfield, CT, USA), 20 s each,
and cleaned in ultrasound (Unique USC 1400, Indaiatuba,
SP, Brazil) at 40 Hz and 135 W during 20 min at room
temperature. Thereafter, the blocks were immersed during
30 s in a solution (1 mL/block) of 37% phosphoric acid
[19], washed with deionized water for 30 s, and dried with
paper towel, for removal of the smear layer on both sides
of the blocks. The remaining cellular or extracellular ele-
ments in the interior of dentinal tubules were removed by
immersion during 12 h in a solution (1 mL/block) of 10%
NaOH [20, 21], followed by further 12 h of immersion in
distilled water (3 mL/block).

Toothpaste formulation and fluoride assessment

The toothpastes were produced with the following compo-
nents: titanium dioxide, carboxymethyl cellulose, methyl-p-
hydroxybenzoate sodium, saccharin, mint oil, glycerin, abra-
sive silica, sodium lauryl sulfate, and deionized water.
Toothpastes containing 3% of microparticles TMP (Aldrich
Chemistry, CAS 7785-84-4, China) with average particle size
of approximately 400 nm (TMPmicro) or 3% of nanoparticles
TMP with average size of 25 nm (TMPnano) were prepared
[22]. NaF (Merck, CAS 7681-49-4, Germany) was added to
these toothpastes to reach a concentration of 1100 ppm F. In
addition, toothpastes without TMP and F (placebo) as well as
with 1100 ppm F (without TMP) were prepared. The tooth-
pastes used in this study were stored at room temperature and
kept closed to prevent any change. The total (TF) and ionic
(IF) fluoride concentrations were determined [23] prior to
their use. The mean (SD) concentration of TF and IF (n = 3)
for the placebo toothpaste were 12.0 ppm (0.9) and 11.0 ppm
(0.7), respectively. For toothpastes with 1100 ppm F, the cor-
responding mean values (SD) among groups were
1135.4 ppm (52.4) and 1019.1 ppm (85.9).

Saliva collection

Saliva collections were performed in accordance with the pro-
tocol approved by the Institutional Review Board (CAAE:
20419113.0.0000.5420), after the individuals provided signed
informed consent. Paraffin-stimulated saliva samples from
healthy donors of both genders (aged 22–35 years, n = 6) were
collected into ice-chilled vials and subsequently pooled.
Saliva collection was performed at morning 1 h after break-
fast. Immediately after collection, whole saliva samples were
centrifuged for 20 min at 4 °C and 2000×g. The supernatants
were divided into 50-mL aliquots and stored at − 80 °C [24].

Experimental groups

Dentin blocks were randomly allocated into four groups (n =
20/group) according to the experimental toothpastes: placebo
(no F and TMP), 1100 ppm F, 1100 ppm F + 3% microparti-
cles TMP (1100 TMPmicro), and 1100 ppm F + 3% nanopar-
ticles TMP (1100 TMPnano). Ten dentin blocks were not
subjected to any treatment and served as control. There are
no data for this bovine dentin region concerning the number,
area, and diameter of dentinal tubules as well as atomic % of
hydroxyapatite and collagen components.

Experimental phase

Before each treatment, the blocks were immersed in hu-
man saliva (3 mL/block) at room temperature during 1 h.
Following, the blocks were subjected to mechanical
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brushing using an automated machine (MSET, Elquip,
São Carlos, SP, Brazil), at 150 strokes per minute during
2 min [7] and axial load of 150 g. During brushing, the
blocks were immersed in 2 mL of toothpaste slurry (3 mL
of deionized water:1 g of toothpaste) at 37 °C. Blocks
were then gently washed with deionized water for 30 s.
This treatment was carried out two times a day, at 8 am
and 5 pm [7], and the blocks were kept immersed in
human saliva between these periods. After the second
treatment, the blocks remained immersed during 1 h in
human saliva. Subsequently, they were stored in artificial
saliva (1.5 mol/L Ca(NO3)2.4H2O, 150 mol/L KCl,
0.9 mol/L NaH2PO4.H2O, 0.1 mol/L Tris; 37 °C; 3 mL/
block) [16] until the next day at 37 °C to minimize bac-
terial and fungal proliferation and to reduce the need of
great volume of human saliva. Human and artificial saliva
were renewed daily. At the end of 7 days, ten blocks of
each group were immersed in citric acid (3 mL/block, pH
3.2) [25, 26] during 1 min, under constant stirring
(37 °C), and washed with deionized water for 1 min. All
blocks were analyzed regarding the obliteration of dentin-
al tubules, atomic quantification of elements in the pre-
c ip i ta tes on the den t ina l su r face , and minera l
concentration.

Scanning electron microscopy

Dentin blocks were fitted in stubs using double-sided car-
bon tape and taken to a sputter coating machine (Quorum-
Q150T E), being covered by a thin layer of gold. The
images from each specimen were obtained by scanning
electron microscopy (SEM) (Carl Zeiss, EVO ILS15,
Carl Zeiss NTS LTD, Germany) at 20 kV and ×3000
magnification. The images were evaluated as to the num-
ber of dentinal tubules (mm2), considering a total area of
5511 μm2 from the generated image, diameter of dentinal
tubules, and area of open tubules. For analysis, ImageJ
software version 1.47s (NIH, Bethesda, MD, USA) was
used to delimit the open tubules with the BPaintbrush^
tool, followed by adjusting the image for brightness and
contrast at maximum and threshold with BImage^ tool.
The area and Feret’s diameter were selected using the
BSet Measurements^ tool into BAnalyze^ tool in the
ImageJ software. Afterwards, the BAnalyze Particles^ tool
into BAnalyze^ tool was utilized for quantification. All
analyses were performed by a previously trained and cal-
ibrated examiner. The intra-examiner reliability was eval-
uated using 15 randomized specimens after 30 days, and
the kappa coefficient of reproducibility was 0.944 for ar-
ea, 0.841 for diameter, and 0.956 for number analysis.
Another examiner evaluated the same 15 specimens, and
the inter-examiner agreement was 0.941, 0.976, and
0.963, respectively.

Energy-dispersive X-ray

The specimens were examined by energy-dispersive X-ray
(Oxford Instruments, INCAx - act, 133 eV, England) to deter-
mine the presence of chemical elements deposited on the den-
tin surface of each block. The dentin surface was slight sputter
coated with a gold layer of ~5 nm during 90 s. The spectral
analysis was obtained from 20 kV, an area of 5511 μm2, spa-
tial resolution at ~2 μm, and the count time was 150 s.
Quantitative analysis reported the presence of carbon (C), ni-
trogen (N), oxygen (O), sodium (Na), magnesium (Mg), phos-
phorus (P), calcium (Ca), titanium (Ti), potassium (K), silica
(Si), and fluorine (F). Atomic% values were considered above
1% to allow comparison between groups.

Computed X-ray microtomography

The dentin blocks were sectioned through the center longitu-
dinally and transversally along the flat portion using a preci-
sion saw (IsoMet 1000, Buehler, Lake Bluff, IL, USA) with
two diamond disks (series 15HC 11–4243, Diamond,
Buehler) and a spacer disk (1-mm thickness) refrigerated with
deionized water, providing specimens of 1 × 1 mm for analy-
sis of computed X-ray microtomography (SkyScan1272 high-
resolution Micro-CT, Bruker-Micro-CT, Kontich, Belgium).
The micro-CT was operated at 60 kVand 166 μA, aluminum
filter at 0.25 mm, spatial resolution at 1.5 μm, rotation step at
0.600°, and random movement at 13. The projections of im-
ages were reconstructed utilizing the NRecon software (ver-
sion 1.6.10.2, Skyscan1272, Bruker Micro-CT) and smooth-
ing at 4, ring artifact correction at 7, and beam hardening
correction at 60%. Following image reconstruction, two-
dimensional virtual slices in sagittal and coronal planes were
obtained using the Data Viewer software (Skyscan1272). The
stacked 2D was imported into ImageJ software to produce an
overall mineral concentration (gHAp cm

−3) profile as a func-
tion of depth (μm) based on the mass attenuation coefficients
of inorganic (hydroxyapatite) and organic components (water
and protein) [27, 28].

In subsequent analyses, the mineral patterns in dentin were
evaluated by the differential mineral concentration profiles, by
subtracting the mineral concentration of the control group
from those of the toothpastes groups (i.e., placebo,
1100 ppm F, 1100 TMPmicro, and 1100 TMPnano group
values minus the control group values) at each depth. These
differential profiles were then integrated up to 250 μm to yield
the values of integrated mineral area (IM).

Statistical analysis

The number, diameter and area of dentinal tubules, atomic %
of the elements, and IM (gHAp cm

−3 × μm) were considered as
variables, and toothpastes and acid challenge as variation
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factors. The variables presented normal and homogeneous
distribution and were analyzed by two-way ANOVA, follow-
ed by the Student-Newman-Keuls test. Pearson’s correlation
was calculated for number, area, and diameter of dentinal tu-
bules. Analyses were performed using the SigmaPlot software
(version 12.0) at a significance level of 5%.

Results

SEM

SEM images showed open dentinal tubules in the control
group (Fig. 1i), while the presence of precipitate was observed
for treated groups (Fig. 1a–h). Treatment with placebo and
1100 ppm F toothpastes producedminor amount of precipitate
both on surface and into the dentinal tubules (Fig. 1a, c).
These groups presented similar number, diameter, and area
of open dentinal tubules (P > 0.142). Conversely, the precipi-
tates were shown to fully cover the dentinal surface after fluo-
ride toothpastes with TMPmicro and TMPnano treatment
(Fig. 1e, g), obliterating all dentinal tubules. The number,
diameter, and area of dentinal tubules were smaller for blocks
treated with TMP-containing toothpastes (P < 0.001) com-
pared with placebo and 1100 ppm F groups (Table 1).
Nevertheless, the quantitative results were similar (P > 0.745)
between 1100 TMPmicro and 1100 TMPnano (Table 1). The
pattern of the precipitate was similar between groups submitted

or not to acid challenge. Notwithstanding, only the TMPmicro
group presented smaller number and diameter of dentinal tu-
bules after acid challenge (P = 0.016). A precipitate layer cov-
ering the dentinal tubules was visible in TMPmicro and
TMPnano groups (Fig. 1f, h), with smaller particles mainly
in the toothpaste with TMPnano. Significant correlations were
observed between number and area (Pearson’s r = 0.719),
number and diameter (Pearson’s r = 0.778), and diameter and
area (Pearson’s r = 0.923) of dentinal tubules.

Energy-dispersive X-ray

Energy-dispersive X-ray (EDX) analysis revealed significant
quantities of the chemical elements Ca, P, C, N, and O on
surface dentin (Table 2). Others, such as F, Si, K, Na, Ti,
and Mg, appeared as trace elements (< 1%) and not in all
specimens. After treatment, the amounts of Ca, P, and C were
similar between groups (P = 0.157). The groups treated with
TMP showed lower amounts of N (P < 0.005) and higher of O
(P < 0.004) compared to placebo and 1100 ppm F (Table 2).
After treatment followed by acid challenge, the quantities of
Ca and P were lower for all groups compared to those not
subjected to acid challenge (P < 0.034). The atomic % values
of Ca and N were similar between groups (P > 0.078). In
addition, similar values of N were observed for the placebo
and 1100 ppm F groups, regardless of the acid challenge
(P < 0.293). Groups treated with TMP-containing toothpastes
showed higher values of N after acid challenge (P < 0.001),
while larger amount of C was attained in blocks treated with
TMP-containing toothpastes (P < 0.009) compared to placebo
and 1100 ppm F groups (Table 2). All fluoride toothpastes
promoted significantly higher values of C (P < 0.011) and
lower values of O (P < 0.042) after acid challenge.

Table 1 Mean values (SD) of area, diameter, and number of dentinal tubules calculated from SEM images and integrated mineral area (IM) from
micro-CT, after treatment (no acid) and after treatment followed by acid challenge (acid)

Variables
Challenge

Treatment

Placebo 1100 ppm F 1100 TMPmicro 1100 TMPnano Control

Area (μm2) No acid 3,221.3 a, A (897.5) 3,530.3 a, A (1,430.2) 1,547.7 b, A (285.4) 1,470.8 b, A (457.9) 6,083.6 (2,239.0)
Acid 3,000.0 a, A (857.8) 3,645.4 a, A (1,631.5) 916.0 b, A (790.1) 1,202.6 b, A

(1,066.2)

Diameter (μm) No acid 2,665.0 a, A (374.9) 2,883.2 a, A (546.1) 1,672.1 b, A (178.3) 1,603.3 b, A (209.9) 3,440.5 (872.5)
Acid 2,520.2 a, A (515.0) 2,803.1 a, A (738.4) 987.9 b, B (859.1) 1,164.9 b, A

(1,020.9)

Number of tubules
(mm2)

No acid 15,004.2 a, A
(2,336.1)

14,732.1 a, A
(2,732.6)

4,717.2 b, A
(1,294.3)

4,717.2 b, A
(1,640.7)

21,318.0
(3,760.5)

Acid 11,829.2 a, B
(5,299.8)

14,097.1 a, A
(3,680.7)

1,796.2 b, B
(2,536.3)

2,159.0 b, B
(2,722.7)

IM (gHAp cm
−3 × μm) No acid 4.04 a, A (1.06) 6.31 b, A (1.65) 15.04 c, A (3.48) 11.85 c, A (2.18) −

Acid 2.53 a, B (0.67) 8.12 b, A (3.12) 16.11 c, A (2.50) 14.61 c, A (3.66)

Distinct lowercase letters indicate statistical difference between treatments for each variable and challenge. Different uppercase letters indicate differ-
ences between challenge for each treatment and variable (Student-Newman-Keuls’ method, n = 10, P < 0.05)

�Fig. 1 Photomicrographs of dentin surface according to the treatments
obtained by SEM (×3000 magnification). Placebo (a, b), 1100 ppm F (c,
d), 1100 TMPmicro (e, f), and 1100 TMPnano (g, h) after treatment and
after treatment followed by acid challenge, respectively. Control (i)
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Computed X-ray microtomography

Cross-sectional and differential profiles showed higher miner-
al concentration at the ~50-μm outer regions of dentin, mainly
for TMP-containing toothpastes (Fig. 2). Data from Fig. 2c, d
were used to calculate the IM described in Table 1. Treatment
with TMP showed higher mineral concentration (IM) in com-
parison with other treatments (P < 0.001) (Table 1); 1100 ppm
F group presented higher values than the placebo group (P =
0.002). After treatment followed by acid challenge, a lower
value of IM was observed for the placebo group (P = 0.001),
while no significant differences were observed for the other
groups (P > 0.157). The particle size (microparticle and nano-
particle) did not affect the results (P > 0.099).

Discussion

This study evaluated the capacity of fluoride toothpastes con-
taining TMP in the obliteration of dentinal tubules. The results
showed that addition of TMP leads to greater obliteration of
dentinal tubules and increases dentin mineral concentration
compared to 1100 ppm F toothpaste. However, the particle
size did not influence the effect of TMP. Thus, the null hy-
pothesis was partially rejected. Although precipitates were
observed in dentin for all treatments, the deposits promoted
by TMP led to 56% greater dentinal obliteration than observed
for the 1100 ppm F toothpaste.

The precipitates were formed essentially by calcium phos-
phate, since higher atomic % of Ca, P, and O was observed for
blocks treated with toothpastes compared to the control group
(Table 2) [29]. As anionic groups from TMP (P−O−) can bind
to the amino (NH2) [29, 30] or hydroxyl (OH) [14, 15] groups
of collagen protein, the dentin surface becomes more anionic
and therefore more prone to the binding of cations. Once
adsorbed to dentin, TMP works as a nucleating agent for pre-
cipitation of calcium phosphates [29, 30]. This adsorption
may occur even when the tooth surface was previously treated
with human saliva (as in the present study), or in the presence
of acquired pellicle [17, 31, 32] or dental biofilm [33]. When
the dentin treated with fluoride and TMP is exposed to a
medium rich in calcium and phosphate (such as human or
artificial saliva), there is higher calcium phosphate deposition
(Table 1 and Fig. 2), raising its mineral concentration in 3- to
4-fold (Table 1) in comparison with placebo toothpaste.
Interestingly, similar obliteration capacity was observed for
the placebo and 1100 ppm F toothpaste, even though different
mineral contents were observed between these groups
(Table 1 and Fig. 2).

Regardless of the treatment, the mineral concentration is
increased into the dentinal tubules (Fig. 2), probably where
the treatments penetrated more easily. As TMP promotes a
more anionic dentin, there is greater calcium and phosphate

flow into the dentinal tubules, which explains the higher min-
eral concentration in depth (Fig. 2). The deposition of calcium
phosphate on collagen fibers can be related to lower amount of
C and N detected for all groups. The great atomic % of C and
N observed in the control group is due to the process of smear
and cellular debris removal in the dentinal tubules, exhibiting
large amount of collagen. This precipitate (on the surface and
on the tubules walls), despite not obliterating the tubules in the
placebo and 1100 ppm F toothpastes, was able to increase the
concentration of mineral dentin and limit the detection of the
major constituent of collagen (C and N). The lowest atomic
percentage of C and N with TMP-containing toothpastes
(Table 2) was a consequence of greater precipitation of calci-
um phosphate (no acid), mainly at ~20-μm outer dentin (Fig.
2). The Ca/P ratio was 1.67 for TMPmicro and 1.68 for
TMPnano (Table 2), which may be assumed to be alike hy-
droxyapatite [34]. The control group presented a Ca/P ratio of
1.57, which would indicate the presence of carbonated apatite
[35] that composes the mineral part of dentin [36]. The im-
mersion of dentin in saliva (human and artificial) led to pre-
cipitation of calcium phosphate no-apatite (placebo group),
which resembles tricalcium phosphate considering the Ca/P
ratio of 1.47 [34]. It is important to point out that the Ca/P ratio
obtained from EDX cannot indicate the phase of calcium
phosphate and whether it is crystalline (apatite) or amorphous
[34, 35]. Thus, the relationship between Ca/P ratio and type of
calcium phosphate formed must be considered with caution,
since the precipitates on dentin surface must contain different
phases and quantities of calcium phosphates.

It is known that, when dentin is treated with fluoride, there
is deposition of CaF2 that further leads to reduction of dentinal
permeability [10]. Nevertheless, it appears that dentin cover-
age with CaF2 using a concentration of 1100 ppm F or less is
not able to stimulate the precipitation of apatite [2], since the
Ca/P ratio was 1.48. This can explain why placebo and
1100 ppm F groups showed the same rate of dentinal obliter-
ation. Nevertheless, the deposits produced by 1100 toothpaste
on dentin were more resistant to acid challenge than placebo
toothpaste, since the mineral concentration did not decrease
(Table 1 and Fig. 2) with 1100 ppm F toothpaste, probably due
to the presence of calcium fluoride. This can have an impact
on dentin hypersensitivity, which yet needs to be proven. The
fact is that apatite deposition on collagen is difficult due to the
lack of nucleation sites for apatite formation [29]. However,
the addition of TMP provides nucleation sites for apatite pre-
cipitation. Unlike most in vitro studies, the present research
employed human saliva during the treatment cycles to pro-
vide, in addition to calcium and phosphate ions, the formation
of acquired pellicle on dentin surface, as observed in vivo.
Even though the acquired pellicle produces biomineralization
and protection against acid attack, since the proteins contained
in the pellicle (i.e., statherins and histatin) have high affinity
for calcium and phosphate ions [37]; it is not possible to
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observe great deposition of calcium phosphate in placebo and
1100 ppm F toothpastes, even the dentin being maintained
overnight in artificial saliva.

Despite the reduction of Ca, P, and O after acid chal-
lenge, the Ca/P ratio was 1.53 (TMPmicro) and 1.57
(TMPnano) for the TMP-containing toothpastes, which

still resembles an apatite. Thus, it can be considered that
this collagen remained highly mineralized and the dentin-
al tubules obliterated, suggesting a greater interaction be-
tween mineral (calcium phosphate) and protein (collagen:
atomic % of C and N after acid challenge > no acid) parts
of dentin, like a Bmelt^ of calcium phosphate/collagen.

Table 2 Mean values (SD) of atomic % from chemical element after treatment (no acid) and after treatment followed by acid challenge (acid)

Chemical element Challenge Treatment

Placebo 1100 ppm F 1100 TMPmicro 1100 TMPnano Control

Ca No acid 15.17 a, A (2.92) 15.59 a, A (2.21) 17.47a, A (4.76) 18.47 a, A (5.35) 11.84 (4.13)
Acid 10.55 a, B (2.94) 11.57 a, B (1.71) 13.13 a, B (3.42) 11.49 a, B (3.67)

P No acid 10.50 a, A (2.36) 10.62 a, A (1.26) 10.48 a, A (1.31) 10.95 a, A (0.78) 7.65 (2.59)
Acid 8.37 a, B (2.13) 8.24 a, B (1.40) 8.94 a, A (2.89) 7.33 b, B (2.03)

C No acid 31.29 a, A (6.53) 27.23 a, b, A (3.77) 23.96 b, A (1.47) 24.93 b, A (1.54) 60.09 (4.02)
Acid 36.10 a, A (4.75) 35.45 a, B (5.17) 42.16 b, B (6.23) 43.39 b, B (9.38)

N No acid 8.46 a, A (5.25) 10.87 a, A (5.70) 4.16 b, A (2.68) 2.91 b, A (1.76) 12.13 (1.59)
Acid 12.75 a, B (2.83) 11.57 a, A (2.22) 10.84 a, B (1.60) 11.81 a, B (1.29)

O No acid 28.11 a, A (12.46) 33.70 a, A (12.37) 43.40 b, A (8.13) 42.32 b, A (2.93) 8.08 (1.84)
Acid 26.39 a, A (3.36) 26.18 a, B (4.37) 22.32 a, B (3.52) 23.95 a, B (4.46)

Distinct lowercase letters indicate statistical difference between treatments for each chemical element and challenge. Different uppercase letters indicate
differences between challenge for each treatment and chemical element (Student-Newman-Keuls’ method, n = 10, P < 0.05)
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Fig. 2 Cross-sectional profile of mineral concentration (gHAp cm
−3) as a

function of dentin depth (μm) after treatment with toothpastes or not
(control group) (a) and after treatments followed by acid challenge (b),
according to the groups obtained by micro-CT. Differential mineral
concentration profile (gHAp cm

−3) obtained by subtracting the values of

mineral concentration of the control group from those of the toothpastes
groups (i.e., placebo, 1100 ppm F, 1100 TMPmicro, and 1100 TMPnano
group values minus the control group values) at each depth (μm) after
treatment (c) and after treatment followed by acid challenge (d)



A l t h o u g h t h e m i n e r a l c o n c e n t r a t i o n ( IM ;
gHAp cm−3 × μm) decreased at ~20 μm outer dentin for
TMP toothpastes, the IM was not altered after acid chal-
lenge. The acid challenge was mild probably due to the
short time of immersion, since the pH of citric acid was
similar to that of fruit juices [25, 26]. After dissolution,
the re-precipitation of calcium phosphate led to a greater
mineral concentration into the dentinal tubules between
40 and 200 μm of depth. This phenomenon also occurred
with 1100 ppm F toothpaste, with a tendency of increase
in mineral concentration. This increase of mineral concen-
tration in depth, even after acid challenge, suggests that a
fluoride toothpaste containing TMP could have a great
impact in the reduction of dentin hypersensitivity.
However, in vitro studies of hydraulic conductance must
be carried out to prove that hypothesis.

Study with caries model shows that reduction of the TMP
particle size increases its ability to promote remineralization
when associated to 1100 ppm F toothpaste [17], which led to
its use in the present study. However, utilizing dentin, the
reduction of particle size did not imply in greater dentinal
obliteration or mineral content (Table 1). Dentin and enamel
are different substrates, dentin being more reactive than enam-
el [38]. Furthermore, dentin presents more linking sites from
hydroxyapatite (OH) and collagen (NH2), which provides
more possibilities for TMP adsorption. Thereby, the amount
of TMP adsorbed was determined by the higher reactivity of
dentin rather than the size of TMP particles. However, TMP
nanoparticles are more reactive and induced the precipitation
of homogeneous calcium phosphate with lower size (Fig. 1g)
compared to microparticles TMP (Fig. 1e). This can influence
the hydraulic conductance and must be tested. Nevertheless,
the higher reactivity of nanoparticles brings concern about
their safety. Usually, the main health risk is related to nano-
particle inhalation, which is absent in our study since TMP
nanoparticles were immersed in a wet medium (toothpastes),
therefore trapped by thermodynamic forces. Actually, injuries
involve mainly oxidative processes by the generation of reac-
tive oxygen species that are absent in metaphosphates
(trimetaphosphate and hexametaphosphate) [39]. There are
no studies reporting toxicity in humans due to crystalline ox-
ide nanoparticles in sunscreens or cosmetics, and only the
presence of reactive sites on the nanoparticle could make it
toxic. In fact, TMP is used as buffering agent in cosmetic
formulations and does not cause side effects at concentrations
below 10% [40].

Based on the results, it was concluded that the addition
of TMP to toothpastes containing 1100 ppm F produced
significantly greater obliteration of dentinal tubules and
higher mineral concentrat ion when compared to
1100 ppm F toothpaste. The size of TMP particles (micro
or nano) had no effect on the obliteration of dentinal tu-
bules and mineral concentration of dentin.
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