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Abstract
Objective The aim of this study was to evaluate the effect of
f l u o r i d e d e n t i f r i c e s c omb i n e d w i t h s o d i um
hexametaphosphate (HMP) on enamel demineralization
in vitro.
Material and methods Enamel bovine blocks were selected
by initial surface hardness (SHi) and then divided into five
experimental groups (n=12): placebo (without fluoride and
without HMP); 1100 ppm F (1100F); and 1100F associated
with HMP at 0.5 % (1100HMP0.5%), 1 % (1100HMP1%),
and 2 % of HMP (1100HMP2%). Blocks were submitted to
five pH cycles (demineralizing/remineralizing solutions) at
37 °C. After pH cycling, final surface hardness (SHf), percent-
age of surface hardness loss (%SH), integrated differential
hardness (ΔIH), integrated loss of subsurface hardness
(ΔKHN), and enamel firmly bound fluoride (F) were deter-
mined. Data were submitted to one-way ANOVA, followed
by Student–Newman–Keuls test (p<0.05).
Results Significant differences were observed among all
groups regarding %SH and ΔKHN. 1100HMP1% promoted
the lowest mineral loss among all groups (p<0.001), and led
to significantly lower demineralization in the deeper regions
of the subsurface lesion when compared with the other HMP-
containing toothpastes (p<0.001). Significantly higher min-
eral loss was observed for 1100HMP2% when compared to
the other fluoridated dentifrices, mainly in the outer part of the
lesion (p<0.001). Enamel F uptake was similar for 1100F and

1100HMP1% but significantly reduced for other HMP
concentrations.
Conclusion The supplementation of a 1100-ppm F dentifrice
with 1 % HMP promoted a higher inhibitory effect against
enamel demineralization when compared to a dentifrice con-
taining the same amount of fluoride in vitro.
Clinical relevance This dentifrice could potentially be indi-
cated to patients at high risk of caries.

Keywords Demineralization . Dental enamel .

Polyphosphates . Fluorides . Dentifrices

Introduction

Dental caries still remains as the most common preventable
chronic oral disease worldwide [1]. While the use of fluoride
dentifrice is considered as a major reason for the remarkable
decline in dental caries incidence and prevalence in developed
countries [2], increasing the anticaries effects of conventional
fluoride dentifrice (1100 ppm F) would be useful for further
reducing caries incidence in the general population, but main-
ly in patients at high risk of caries. Since their introduction in
the market, advances in technologies have improved the qual-
ity of the dentifrice not only regarding the availability of fluo-
ride but also by combining fluoride with calcium and phos-
phate salts [3]. This has prompted research of new compounds
that can provide essential elements for remineralization [4–7].

Sodium hexametaphosphate (HMP) is a cyclic inorganic
phosphate with capacity to adsorb on enamel [7] and with
strong tendency to form complexes with cations [8, 9]. A
recent in vitro study showed that HMP improved the effects
of a low-fluoride dentifrice (250 ppm F) [7]. As the ability of a
condensed phosphate is proportional to the total number of
phosphorus atoms [10], an appropriate ratio of HMP/F should
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be maintained to achieve an optimum anticaries effect [7].
These HMP/F proportions have been studied at concentrations
of 250 ppm F in the abovementioned study, but not for con-
ventional dentifrice (1100 ppm F).

Therefore, the aim of this in vitro study was to evaluate the
effect of different concentrations of HMP added to a dentifrice
containing 1100 ppm F on bovine enamel demineralization in
vitro. The null hypothesis was that dentifrice containing HMP
presents the same anticaries effect as its counterpart without
HMP.

Material and methods

Experimental design

Enamel blocks (4 mm×4 mm, n=60) of bovine incisors were
stored in 2 % formaldehyde solution pH 7.0 for 30 days at
room temperature [11]. The enamel surfaces of the blocks
were sequentially polished and selected by surface hardness
(SHi) test and randomly distributed (360 to 380 Knoop hard-
ness (KHN); p=0.286) into five groups (n=12), according to
the following dentifrices: placebo (without fluoride and
HMP); 1100 ppm F (1100F); and 1100F associated with
HMP at 0.5 % (1100HMP0.5%), 1 % (1100HMP1%), and
2 % (1100HMP2%). Blocks were subjected to a pH-cycling
regimen and treatment with dentifrice slurries twice/day. After
pH cycling, final surface hardness (SHf), the percentage of
surface hardness loss (%SH), integrated differential hardness
(ΔIH), integrated loss of subsurface hardness (ΔKHN), and
enamel firmly bound fluoride (F) concentrations were
determined.

Dentifrice formulation and determination of fluoride
and pH

The experimental dentifrices were prepared in a laboratory
using the following ingredients: carboxymethylcellulose, so-
dium methyl-p-hydroxybenzoate, sodium saccharin, pepper-
mint oil, glycerol, hydrated silica, and sodium lauryl sulfate
[4, 12]. Different concentrations of HMP (Aldrich Chemistry,
CAS 68915-31-1, UK) were used at 0.5, 1, and 2 % (weight),
with addition of fluoride (1100 ppm F) in the form of NaF
(Merck, CAS 7681-49-4, Germany). The placebo dentifrice
prepared without addition of F or HMP served as the negative
control. A dentifrice with 1100 ppm F served as the positive
control. F concentrations [11] and the pH [12] of the dentifrice
were checked prior to the beginning of the study. Mean (SD)
total and ionic fluoride concentrations (n=3) for the placebo
were 10.2 (1.5) and 12.3 (0.8), respectively. For the fluoridat-
ed toothpastes, mean (SD) TF concentrations were 1167.6
(45.4), 1117.4 (30.1), 1148.0 (15.7), and 1230.3 (20.6), re-
spectively, for 1100F, 1100HMP0.5%, 1100HMP1%, and

1100HMP2%. The corresponding values for IF were 1156.0
(79.0), 1080.4 (56.7), 1177.5 (63.3), and 1241.1 (7.3), respec-
tively. The mean (SD) pH values were placebo—7.4 (0.01),
1100F—7.5 (0 .01) , 1100HMP0.5%—7.0 (0 .01) ,
1100HMP1%—6.5 (0.01), and 1100HMP2%—6.2 (0.01).

Dentifrice treatment and pH cycling

The blocks were subjected to five pH cycles during 5 days
(one cycle/day), and immersed in a fresh remineralizing solu-
tion for two additional days [13]. The dentifrice treatment was
performed twice daily for 1 min using dentifrice suspended in
deionized water (1:3 w/w). The treatments were performed
when the samples were removed from the demineralizing so-
lution (6 h; 2.0 mmol/L calcium and phosphate in 75 mmol/L
acetate buffer, pH 4.7; 0.04 μg F/mL, 2.2 mL/mm2) and
remineralizing solution (18 h; 1.5 mmol/L calcium;
0.9 mmol/L phosphate; 150 mmol/L KCl in 0.02 mol/L
cacodylic buffer, pH 7.0; 0.05 μg F/mL, 1.1 mL/mm2).

Enamel hardness analysis

The surface hardness of the enamel was determined using a
Shimadzu HMV-2000 microhardness tester (Shimadzu Corp.,
Kyoto, Japan) under a 25-g load for 10 s. Five indentations,
spaced 100 μm apart, were made in the center of the enamel
block (SHi). After pH cycling, five indentations (SHf), spaced
100 μm from the baseline indentations, were made to calcu-
late the percentage of surface hardness loss (%SH= [(SHf
−SHi)/SHi]×100) [4].

Blocks were then cross-sectioned, and half of each block
was embedded in acrylic resin and gradually polished. One
sequence of 14 indentations at different distances (5, 10, 15,
20, 25, 30, 40, 50, 70, 90, 110, 130, 220, and 330 μm) was
made in the surface of the enamel in the central region. This
was achieved using aMicromet 5114 hardness tester (Buehler,
Lake Bluff, USA) with a Knoop diamond indenter under a 5-g
load for 10 s [14] and the software program Buehler OmniMet
(Buehler). Integrated hardness (KHN×μm) for the lesion into
sound enamel was calculated by the trapezoidal rule
(GraphPad Prism, version 3.02) and subtracted from the inte-
grated hardness for sound enamel to obtain the integrated area
of the subsurface regions in enamel, which was named inte-
grated loss of subsurface hardness (ΔKHN; KHN×μm) [15].
To analyze the patterns of demineralization produced by ad-
dition of HMP, differential hardness profiles were calculated
by subtracting the hardness values of the 1100F group from
those of the HMP groups (i.e., 1100 ppm F dentifrice values
minus the 1100HMP0.5%, 1100HMP1%, and 1100HMP2%
group values) at each depth. These differential profiles were
then integrated over two depth zones in the lesion (zone A, 5–
40 μm; zone B, 40–130 μm) and underlying sound enamel to
yield ΔIH values [16].
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Fluoride analysis in enamel

The fluoride present in enamel was determined as described
byWeatherell et al. [17], as modified by Alves et al. [18]. One
layer of each enamel block (∼50 μm) was removed using a
self-adhesive polishing disc (13-mm diameter, 400-grit silicon
carbide, Buehler) and placed at the bottom of a polystyrene
crystal flask (J-10; Injeplast, São Paulo, Brazil). A total of
1.0 mL of 1.0 mol/L HCl was added to the enamel powder;
the mixture was agitated for 1 h and buffered with 1.0 mL of
1.0 mol/L NaOH [4, 18]. For fluoride analysis (μg/mm3), a
specific electrode (Orion 9604) and reference microelectrode
(Analyzer, São Paulo, Brazil) were connected to an ion ana-
lyzer (Orion 720plus) and calibrated with standards contain-
ing 0.5 to 8 μg F/mL. Aliquots of samples and total ionic
strength adjustment buffer (TISAB) II were used at a 1:1 ratio
(sample/TISAB II).

Statistical analysis

For the statistical analysis, Sigma Plot program (version 12.0)
was used, with the significance level set at 5%.%SH,ΔKHN,
ΔIH, and F values were considered as variables in the enamel.
The data were tested for normality (Shapiro–Wilk test) and
homoscedasticity (Cochran). Data from the %SH, ΔKHN,
and F values were homogenous and were subjected to one-
way analysis of variance, followed by Student–Newman–
Keuls test. The results ΔIH were subjected to two-way anal-
ysis of variance (%HMP and zone) followed by the Student–
Newman–Keuls test.

Results

Significant differences were observed among all groups re-
garding %SH and ΔKHN. For both variables, the lowest
values were obtained after using 1100HMP1%, followed by
1100HMP0.5%, 1100F, 1100HMP2%, and placebo, as shown
in Table 1 (p<0.001). Similar amounts of F were observed for

the 1100F and 1100HMP1% groups (p>0.05), but the addi-
tion of 0.5 and 2 % HMP reduced the presence of fluoride in
enamel when compared to the 1100F group (p>0.01).

Differential hardness profiles (Fig. 1 and Table 2) showed
different subsurface lesion patterns in relation to the 1100F
group. The addition of HMP1% to 1100F leads to significant-
ly lower demineralization (p<0.001) in the deeper regions of
the lesion (40–130 μm). On the other hand, the addition of
HMP2% to 1100F promoted significantly higher mineral loss
(p< 0.001), mainly in the outer regions of the lesion (5–
40 μm).

Discussion

The present study showed that the addition of HMP at differ-
ent concentrations to a dentifrice containing 1100 ppm F sig-
nificantly altered their anticaries effects when compared to
1100F dentifrice without HMP, leading to the rejection of
the study’s null hypothesis. The concentrations of HMP tested
were based on the HMP/F ratio from a previous study [7],
which demonstrated that the addition of 0.5 or 1 % HMP
significantly increased the anticaries effect of a low-F denti-
frice (250 ppm F), but HMP concentrations above 1 % were
detrimental.

HMP cannot be regarded as a phosphate source to react
with tooth enamel, as it does not become spontaneously hy-
drolyzed [8, 19]. This cyclic phosphate forms strong com-
plexes with metal ions [19–22] and, in the oral environment,
adsorbs to enamel surface and retains charged ions of CaF+

and Ca2+ by replacement of Na+ in the cyclic structure, lead-
ing to a reticular formation [10] via Ca2+ binding to one or
more HMP molecules. These can prove higher calcium avail-
ability during demineralization and remineralization processes
as well as reduce the quick precipitation of calcium phosphate
on the enamel surface [7].

Table 1 Mean (SD) values of hardness (n = 12) and fluoride analysis
according to the groups

Groups Variables

%SH ΔKHN (KHN×μm) F (μg/mm3)

Placebo −79.4a (6.6) 10,954.5a (1565.1) 1.98a (0.61)

1100F −41.2b (6.4) 6298.5b (821.8) 4.73b (0.88)

1100HMP0.5% −35.9c (4.2) 3990.3c (1089.6) 3.24c (1.10)

1100HMP1% −28.2d (5.5) 2927.3d (788.5) 4.08b (1.24)

1100HMP2% −91.2e (5.8) 8102.5e (1570.3) 2.74a, c (0.96)

Distinct superscript lowercase letters indicate statistical significance
among groups in each variable (Student–Newman–Keuls test, p < 0.001)

Fig. 1 Differential hardness profiles calculated by subtracting hardness
values of the 1100F group fromHMP dentifrices in each depth (zoneA 5–
40 μm, zone B 50–130 μm)
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The present data also showed that HMP affects the process-
es of enamel demineralization. Cross-sectional hardness anal-
ysis showed higher mineral content in the inner part of the
lesion for specimens treated with 1100HMP1% in comparison
with fluoride dentifrice without HMP. ΔKHN and %SH
(Table 1) observed in this study confirm the results of a pre-
vious study [7] that HMP reduces mineral loss deep in the
enamel for groups 1100HMP0.5% and 1100HMP1% and
confirm an appropriate ratio of HMP/F should be maintained
to achieve an optimum anticaries effect.

Although this hypothesis cannot be proved based on
the study protocol employed, the above mentioned ef-
fect could be related to increases in the formation of
neutral species (CaHPO40 and HF0) during the demin-
eralization and remineralization cycles, which have a
greater coefficient of diffusion into the enamel in com-
parison with charged species [22]. It is also possible
that HMP retains H+ in its structure, which also reduces
acid diffusion into the enamel, thus minimizing mineral
loss. The proposed mechanism is also supported by
comparing the results of a differential hardness profile
between 1100HMP1% and 1100F. The effects of the
dentifrice with fluoride only (i.e., without HMP) were
more marked at the outer parts of the lesion, which is
in line with findings of previous studies [23, 24] and is
regarded to be a large deposition of fluoride on the
enamel surface. In the present study, however, HMP at
0.5 and 2 % significantly reduced the amounts of enam-
el firmly bound fluoride when compared with 1100F, in
l i n e w i t h p r e v i o u s r e p o r t s u s i n g s o d i um
trimetaphosphate as a phosphate source [16, 25]. On
the other hand, similar amounts of firmly bound fluoride
were observed for 1100F and 1100HMP1%, indicating
that HMP does not interfere with the diffusion of fluo-
ride into the enamel depending on the appropriate molar
ratio of the two active ingredients. Moreover and most
impor tan t ly, i t i s no tewor thy tha t the use of
1100HMP1% promoted reductions of 32 and 53 % in
%SH and ΔKHN values, but this enhanced effect was

not accompanied by an increase in enamel firmly bound
fluoride. This aspect reinforces the concept that the
mechanism of action of HMP-containing toothpastes is,
in fact, different from that described for conventional
(i.e., not supplemented) fluoride formulations, according
to which the anticaries effect of the product is propor-
tional to the amount of fluoride incorporated into enam-
el [26].

The addition of 2 % HMP interfered with the absorption of
fluoride in enamel, demonstrating that large percentage of
HMP in the medium can supersaturate the enamel surface
and further sequester calcium ions from hydroxyapatite due
to its strong ability to complex metal ions [21]. Anbar et al.
[27] showed the adsorption of polyphosphate is very fast and
competes with the adsorption of ionic fluoride, which can
reduce fluoride diffusion into enamel and lead to greater min-
eral loss. It is noteworthy that the addition of any compound to
a fluoride dentifrice should not affect fluoride bioavailability,
as verified in the present study. However, increasing the per-
centage of HMP reduced the pH of the dentifrice, but it was
not possible to correlate this data with enamel mineral loss.

At first glance, the pH-cycling models seem appropriate for
the evaluation of the impact of new active ingredients on fluo-
ridated toothpastes, as well as their association with other
anticaries treatments. However, in vitro protocols present ex-
perimental design limitations as they did not address the im-
pact of saliva/biofilm fluid composition on the interaction of
the HMP with enamel. Given the in vitro model did not re-
produce the intra-oral conditions, the results should be evalu-
ated with caution and further assessed using an in situ caries
model and clinical studies.

Conclusion

The addition of HMP1% to a 1100-ppm F dentifrice promoted
a higher inhibitory effect on enamel demineralization when
compared to a dentifrice with the same fluoride concentration
without HMP in vitro. A higher HMP concentration was not
shown to be beneficial to the process.
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Groups ΔIH

Zone A (5–40 μm) Zone B (40–130 μm)
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1100HMP1% 2037.0a, A (368.5) 1512.5b, B (131.4)
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Values denote means (SD). Distinct superscript lowercase letters indicate
statistical significance among groups in each zone. Distinct uppercase
letters indicate differences between zones A and B in each group (Stu-
dent–Newman–Keuls test, p< 0.001)
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