
ORIGINAL ARTICLE

Anticaries effect of toothpaste with nano-sized
sodium hexametaphosphate

Luhana Santos Gonzales Garcia1 & Alberto Carlos Botazzo Delbem1
& Juliano Pelim Pessan1

&

Matheus dos Passos Silva1 & Francisco Nunes Souza Neto2
& Luiz Fernando Gorup2

& Emerson Rodrigues de Camargo2
&

Marcelle Danelon1

Received: 19 February 2018 /Accepted: 5 December 2018 /Published online: 11 December 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Objective To evaluate the effect of a fluoride toothpaste containing nano-sized sodium hexametaphosphate (HMPnano) on
enamel demineralization on the biochemical composition and insoluble extracellular polysaccharide (EPS) in biofilm formed
in situ.
Methods This crossover double-blind study consisted of four phases (7 days each), in which 12 volunteers wore intraoral
appliances containing four enamel bovine blocks. The cariogenic challenge was performed using 30% sucrose solution (6×/
day). Blocks were treated 3×/day with the following toothpastes: no F/HMP/HMPnano (Placebo), conventional fluoride tooth-
paste, 1100 ppm F (1100F), 1100F + 0.5% micrometric HMP (1100F/HMP), and 1100F + 0.5% nano-sized HMP (1100F/
HMPnano). The percentage of surface hardness loss (%SH), integrated loss of subsurface hardness (ΔKHN), and enamel
calcium (Ca), phosphorus (P), and fluoride (F) were determined. Moreover, biofilms formed on the blocks were analyzed for
F, Ca, P, and insoluble extracellular polysaccharide (EPS) concentrations. Data were analyzed using one-way ANOVA, followed
by Student–Newman–Keuls’ test (p < 0.001).
Results 1100F/HMPnano promoted the lowest %SH and ΔKHN among all groups (p < 0.001). The addition of HMPnano to
1100F significantly increased Ca concentrations (p < 0.001). The 1100F/HMPnano promoted lower values of EPS when com-
pared with 1100F (~ 70%) (p < 0.001) and higher values of fluoride and calcium in the biofilms (p < 0.001).
Conclusion 1100F/HMPnano demonstrated a greater protective effect against enamel demineralization and on the composition of
biofilm in situ when compared to 1100F toothpaste.
Clinical relevance This toothpaste could be a viable alternative to patients at high risk of caries.

Keywords Caries . Biofilm . Fluoride . Demineralization . Nano-sized

Introduction

In the last few decades, a decline in dental caries prevalence
was observed, mainly assigned to the use of fluoride tooth-
paste [1]. Since dental caries has been shown to be polarized
in some groups, several studies have been conducted to

evaluate new formulations of conventional toothpastes (CT,
i.e., 1100 ppm F) with enhanced potential in reducing caries
lesions, including the association of F with phosphates [2–4].

Sodium hexametaphosphate (HMP) interferes with the
enamel de-remineralization process due to its ability tomodify
the solubility of dental enamel [3, 5]. da Camara et al. [3, 5]
evaluated the effect of a CT-containing HMP on enamel de-
mineralization and biofilm. In these studies, the authors ob-
served that the association between 1.0% HMP and
1100 ppm F promoted the lowest surface hardness loss
(%SH) and integrated loss of subsurface hardness (ΔKHN).
Additionally, it has antimicrobial activity due to its ability to
increase the permeability of the bacterial outer membrane [6]
and inhibitory activity on biofilm formation [7, 8]. Nano-sized
phosphates (nano) have also emerged as an innovativemethod
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with the goal of optimizing the effect of fluoride toothpaste on
the demineralization and remineralization processes.
Nanostructured nanomaterials, nanoparticles in particular,
have unique physicochemical properties, such as ultra-small
and controllable size, large surface area in relation to mass,
high reactivity, and a functionalizable structure [9, 10].
Dalpasquale et al. [4] evaluated in vitro the effect of CT plus
nano-sized HMP (HMPnano) at concentrations of 0.25%,
0.5%, and 1.0% in reducing enamel demineralization. The
addition of 0.5% HMPnano to a CT significantly enhances
its effects against enamel demineralization.

So far, no study has evaluated whether the addition of
HMPnano could affect the biofilm composition and enamel
demineralization under cariogenic challenge, simulating a
condition of high caries risk. Thus, this study evaluated the
effect of a F toothpaste containing HMPnano on enamel de-
mineralization in situ and on the composition of biofilm. The
null hypothesis was that F toothpaste associated with
HMPnano would provide similar anticaries effect when com-
pared to F toothpaste.

Material and methods

Experimental design

This study was approved by the Human Ethical Committee of
São Paulo State University (UNESP), School of Dentistry,
Araçatuba, Brazil (Protocol: 58549716.8.0000.5420), and all
participants read and signed informed consent statements prior
to study onset. This in situ, crossover, double-blind study was
conducted in four phases of 7 days each [5]. The sample size
of 12 volunteers was based on a previous study [11], consid-
ering as primary outcome the surface and cross-sectional hard-
ness analysis, mean difference between groups (30 and 1300,
respectively), standard deviation (20 and 900, respectively),
an α-error of 5%, and a β-error of 20%. Volunteers (n = 12)
aged 20–30 years, who were in good general and oral health
[12], were included in the study. The subjects wore an acrylic
palatal appliance with sound bovine enamel blocks (4 mm×
4 mm, n = 192), previously polished and selected according to
the initial surface hardness (SHi) (baseline). The specimens
were allocated to treatments: no F/HMP/HMPnano (Placebo),
conventional fluoride toothpaste, 1100 ppm F (1100F),
1100F + 0.5% micrometric HMP (1100F/HMP), and
1100F + 0.5% nano-sized HMP (1100F/HMPnano). After
each phase, the biofilm was collected for analysis of F, Ca,
P, and insoluble extracellular polysaccharides (EPS). In the
enamel blocks, the percentage of surface hardness loss
(%SH) and integrated loss of subsurface area (ΔKHN) were
assessed again. F, Ca, and P contents in enamel were
determined.

Processing and characterization of nano-sized HMP

The processing and characterization of nano-sized HMP were
based on the study by Dalpasquale et al. [4]. Initially, 70 g of
pure HMP (Na6P6O18H6, CAS 68915-31-1, average size of
31 ± 33 μm, purity ≥ 95%, Aldrich Chemistry, CAS 68915-
31-1, UK) was ball milled using 500 g of zirconia spheres
(diameter of 2 mm) in 1 l of hexane. After 48 h, the material
was filtered and sealed with aluminum foil, and the vials were
dried at 75 °C to evaporate the hexane. X-ray diffraction
(XRD) was used to identify the crystalline structure and esti-
mate the crystallographic coherency domain of HMP, thereaf-
ter milled for 48 h (HMPnano). The X-ray diffractograms
were obtained from samples in powder form, using
Shimadzu XRD 6000 equipment with a CuK radiation source
(λ = 1.54056 Å), voltage of 30 kV, and current of 30 mA.
Measurements were made continuously in the range of
10° ≤ 2θ ≤ 80° with a 2° sweep speed/min. The structural iden-
tification of the samples was carried out by comparing the
diffraction patterns obtained with tabulated patterns available
in the databases, BJoint Committee on Powder Diffraction
Standards—Powder Difraction File (JCPDS—PDF). The par-
ticle morphology of HMP and HMP milled for 48 h
(HMPnano) was analyzed by scanning electron microscopy
(SEM). The SEM images were collected using a Philips XL-
30 FEG.

Toothpaste formulation and fluoride and pH
assessment

Toothpastes were produced with the following components:
0.5 g of titanium dioxide,1.7 g of carboxymethyl cellulose,
0.08 g of methyl p-hydroxybenzoate sodium, 0.1 g of saccha-
rin, 0.5 g of mint oil, 26.6 g of glycerin, 10.0 g of abrasive
silica, 1.7 g of sodium lauryl sulfate, 0.5 g of micrometric
HMP, and 0.5 g of nano-sized HMP, adjusted with deionized
water to 100 g. NaF (Merck, Darmstadt, Germany) was added
to the F toothpaste to reach a concentration of 1100 ppm F. A
toothpaste without F (Placebo) was also prepared.

The amounts of total fluoride (TF) and ionic fluoride (IF)
were determined [13] using a F− specific electrode (Orion
9609-BN; Orion Research Inc., Beverly, MA, USA) connect-
ed to an ion analyzer (Orion 720 A+; Orion Research Inc.).
The pH levels of toothpaste slurries were determined using a
pH electrode (2A09E, Analyzer, São Paulo, Brazil) calibrated
with standard pH levels of 7.0 and 4.0.

Palatal appliance preparation and treatments

The palatal appliance was prepared in acrylic resin (Jet,
Articles Classic Odontológico, São Paulo, Brazil), and four
enamel blocks were fixed, using a different device in each
phase of the experiment. To allow biofilm accumulation on
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the enamel blocks, a piece of plastic mesh was fixed to the
acrylic appliance, leaving a 1-mm space from the block sur-
face [5]. This crossover double-blinded study was performed
in four phases of 7 days each. During each experimental fase,
volunteers wore palatal appliances containing four enamel
blocks and were randomly assigned to one of the four possible
treatments. To provide a cariogenic challenge, the volunteers
were instructed to remove the device and drip 30% sucrose
solution (Sucrose, Synth, Diadema, Brazil) onto each enamel
block 6×/day at predetermined times (8:00 am, 11:00 am, 2:00
pm, 5:00 pm, 7:00 pm, and 9:00 pm) [5]. The appliances were
used 24 h/day (including at night, except when drinking or
eating), and the volunteers brushed their natural teeth 3×/day
(08:00 am, 13:00 pm, 21:30 pm) for 2 min, with the palatal
appliance in the oral cavity, allowing the natural saliva/
toothpaste slurry to come into contact with the enamel blocks
by gently squishing the slurry in the mouth. During a 7-day
pre-experimental period and washout periods, the volunteers
brushed their teeth with the Placebo toothpaste.

Hardness analysis

The SH was determined before (SHi) and after each experi-
mental phase (SHf), using a Shimadzu HMV-2000microhard-
ness tester (Shimadzu Corp., Kyoto, Japan) under a 25-g load
for 10 s [5], followed by calculation of the percentage of
surface hardness loss: (%SH = [(SHf-SHi)/SHi] × 100). For
the cross-sectional hardness measurements, the enamel blocks
were longitudinally sectioned through their center and embed-
ded in acrylic resin with the cut face exposed and gradually
polished. A sequence of 14 indents was 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 outer enamel surface using a
Micromet 5114 hardness tester (Buehler, Lake Bluff, USA)
and the software Buehler OmniMet (Buehler, Lake Bluff,
USA) with a Knoop diamond indenter under a 5-g load for
10 s [4, 14]. 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 subsurface regions in enamel, which was named integrated
loss of subsurface hardness (ΔKHN; KHN × μm) [15].

Fluoride, calcium, and phosphorus in enamel

F present in the enamel was determined as described by
Weatherell et al. [16] and modified by Alves et al. [17]. Self-
adhesive polishing discs (13-mm diameter) and 400-grit sili-
con carbide (Buehler) were fixed to the bottom of polystyrene
crystal tubes (J-10; Injeplast, Sao Paulo, Brazil) and attached
to a handpiece (N 270; Dabi Atlante, Ribeirão Preto, Sao
Paulo, Brazil) fixed to the top of a modified microscope with
a micrometer (Pantec, Sao Paulo, Brazil). One layer of enamel

(50.9 ± 0.2 μm) was removed from each block, after addition
of 0.5 mL HCl 1.0 mol L−1, and these were kept under con-
stant stirring for 1 h [16, 17].

For F analysis, specific electrode 9409BN (Thermo
Scientific, Beverly,Mass., USA) andmicroelectrode reference
(Analyser, Sao Paulo, Brazil) coupled to an ion analyzer
(Orion 720A+, Thermo Scientific, Beverly, MA, USA) were
used. Ca analysis was performed using the Arsenazo III col-
orimetric method [18]. The absorbance readings were record-
ed at 650 nm, using a plate reader (PowerWave 340, Biotek,
Winooski, VT, USA). P was measured according to Fiske and
Subbarow [19], and the absorbance readings were recorded at
660 nm. The results of Ca and P were expressed in micro-
grams per cubic millimeter.

Analysis of dental biofilm composition

The biofilm formed on enamel was collected and stored in
microcentrifuge tubes. The biofilm samples were dried in vac-
uum over P pentoxide for 12 h at room temperature. F was
analyzed using an ion specific electrode (Orion 9409 BN) and
a potentiometer (Orion 720 Aplus). The Ca concentration was
analyzed by a colorimetric test [19]. The P concentration was
measured using a colorimetric method [18]. EPS was extract-
ed by adding 1.0 mol L−1 NaOH (10 μL/mg dry weight) to the
biofilm [20, 21]. The amount of EPS was determined using
the phenol-sulfuric acid method [22]. The results were
expressed as moles per kilogram (F, Ca, and P) and milligrams
per gram (EPS) dry weight.

The ionic activities (IA) of the various species (Ca2+,
CaPO4

−, CaHPO4
0, CaH2PO4

+, PO4
3−, HPO4

−2, H2PO4
−,

CaF+, HF0, and F−) and the degree of saturation (DS) of the
solid phases of hydroxyapatite (HA) and calcium fluoride
(CaF2) were calculated from the concentrations (mol/kg) of
F, Ca, and P on the biofilm of each toothpaste. All calculations
were performed at 37 °C, 7.0 pH, and a density of 1.0 g/cm3

using the PHREEQC Interactive (version 2.18.3) speciation
program [5, 11].

Statistical analysis SigmaPlot 12.0 software (version 12.0,
Systat Software Inc., San Jose, CA, USA) was used for
statistical analysis, and the significance level was set at
5%. The statistical power calculated was 85%, considering
all differences between groups for each outcome. Data
from the dental biofilm analysis (Ca, P, F and EPS content,
and ionic activities) and enamel analysis (%SH, ΔKHN
and F, Ca, and P content) exhibited normal (Shapiro–
Wilk) and homogeneous (Bartlet) distribution and were
therefore subjected to one-way ANOVA, repeated mea-
sures (i.e., due to the fact that all treatments (toothpastes)
were tested by the same group of volunteers), followed by
the Student–Newman–Keuls’ testing.
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Results

The X-ray diffraction (XRD) pattern of 48 h HMPnano after
milling shows broader peaks owing to the smaller crystallites
(Fig. 1). Figure 2a depicts the SEM images of HMPwith large
aggregates and particles of smaller sizes (average size of 31 ±
33 μm). Figure 2b portrays the SEM images of HMPnano
particles with low size distribution and an average size of
91 ± 34 nm.

Mean (SD) concentrations of total F (TF) and ionic fluoride
(IF) (n = 3) were as follows: Placebo—10.5 (0.1) and 10.0
(1.2); 1100F—1186.0 (33.2) and 1102.4 (28.5); 1100F/
HMP—1168.3 (5.9) and 1136.5 (42.6); and 1100F/
HMPnano—1156.6 (19.7) and 1100.9 (27.1). The mean pH
value of the groups was 7.2 (0.3) ranging from 6.8 to 7.7.

The use of 1100F/HMPnano resulted in a 49% decrease in
%SH in comparison with 1100F (Table 1). The addition of
micrometric HMP to F toothpaste decreased the %SH in
36% when compared with the Placebo group (p < 0.001),
and was similar to 1100F (p = 0.695). In addition, the capacity
to reduce the lesion body (ΔKHN) was ~ 10% and ~ 55%
higher with 1100F/HMP and 1100F/HMPnano, respectively
(p < 0.001) when compared to 1100F (Table 1).

The addition of HMP and HMPnano to the CT did not
influence enamel F concentration, so that its effect was similar
to 1100F, except for the Placebo, which showed a lower con-
centration (p < 0.001). With 1100F/HMPnano, the enamel Ca
concentration was increased by ~ 12% and ~ 78% when com-
pared to 1100F/HMP and 1100F toothpastes (p < 0.001). No
significant difference was observed between groups regarding

enamel P concentrations except for the Placebo, which
showed a lower concentration (p < 0.001).

As for the biofilm composition, 1100F/HMPnano promot-
ed the highest retention of Ca (p < 0.001) and F (p < 0.001),
when compared with 1100F (Table 1), while the P values were
similar for the treatments (p = 0.084). 1100F/HMPnano
showed lower values for alkali-soluble EPS concentration,
when compared with 1100F (~ 65%) and 1100F/HMP (~
60%) (p < 0.001). Similar concentrations were observed for
the 1100F and 1100F/HMP groups (p = 0.709), which were
significantly lower than that of the Placebo group (p < 0.001).

The ionic activity of CaF+ and HF0 for the 1100F/
HMPnano group was significantly higher when compared to
the other groups (p < 0.001), while no significant differences
were seen between 1100F/HMPnano and the other groups
regarding ionic activity of Ca2+, CaPO4

−, PO4
3−, HPO4

2−,
and H2PO4

− (p > 0.800). As for phase saturation, the 1100F/
HMPnano group showed the highest supersaturation with re-
spect to HA and CaF2 (p < 0.001).

Discussion

Studies have shown an additional effect of nano-sized phos-
phates in preventing enamel demineralization and promoting
remineralization when added to fluoridated formulations [2, 4,
23]. Our study showed that the addition of HMPnano to con-
ventional fluoridated toothpastes at a concentration of 0.5%
was able to reduce enamel demineralization by 49% when
compared to the 1100F group. Thus, the null hypothesis was
rejected. Considering micrometric HMP, da Camara et al. [3,
5] observed that the addition of 1.0%HMP to a CTsignificant-
ly reduces enamel demineralization when compared to 1100F.
Unlike the previous findings, our results show that it is possi-
ble to reduce the particle concentration obtaining an additional
result when compared to 1100F; however, if this is in its nano-
sized form, its effect will be better and more effective.

The supplementation of 1100F with 0.5% HMPnano re-
sulted in a ~ 50% reduction in mineral loss (%SH and
ΔKHN) when compared to 1100F. Our findings were far su-
perior when compared to those obtained by da Camara et al.
[5], in which the reduction was ~ 25% with micro-sized 1.0%

Fig. 1 X-ray diffraction patterns of HMP before (HMP) and after
(HMPnano) grinding of powder for 48 h in ball mill. The possible
phases sodium hexametaphosphate (NaPO3)6, sodium metaphosphate
NaPO3, disodium dihydrogen diphosphate (Na2H2P2O7), sodium
dihydrogen phosphate monohydrate (NaH2PO4 (H2O)), sodium
dihydrogen phosphate (NaH2PO4), and pentasodium triphosphate
(Na5P3O10)

Fig. 2 SEM images of Sodium hexametaphosphate particles, a) HMP
and b) HMPnano after grinding of powder by 48h in ball mill
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HMP when compared to 1100F. This synergistic effect is in
line with previous in vitro findings with a CT supplemented
with 0.5% HMPnano [4] and can be attributed to a higher
ability of adsorption of HMPnano on enamel, even with the
presence of biofilm on the enamel surface, preventing enamel
mineral loss. It is noteworthy that HMP does not improve F
enamel uptake [3–5] as verified in the present study (Table 1).
However, Ca concentration in enamel is higher using 1.0%
HMP [5] or 0.5% HMPnano (Table 1). Notwithstanding,
1.0% HMP [5] and 0.5% HMPnano (Table 2) produce higher
supersaturation with respect to CaF2 and HA compared to
1100F. Thus, enamel Ca concentrations are increased; it is
probably due to formation of HMP-Ca2+ layer on enamel,
reducing enamel demineralization while favoring high incor-
poration of Ca2+ in enamel and acid diffusion into enamel and
leading to the reduction of EPS [5, 24].

These findings are supported by the significantly higher Ca
concentrations in enamel seen for the 1100F/HMPnano group
(78%) when compared to 1100F, which seems to be related to
a more resistant enamel. Conversely, HMPnano did not seem
to have any effect on enamel F and phosphate concentrations,
which is also in line with a previous in vitro study assessing
the effects of HMPnano when added to a 1100-ppm F tooth-
paste [4]. Thus, it can be assumed that the mechanism of

action of HMPnano containing F toothpastes is somehow dif-
ferent from that described for toothpastes containing F as the
only active anticaries ingredient. Furthermore, the procedure
used to synthesize HMPnano promoted more reactive parti-
cles with increased adsorption on enamel, due to the reduction
in size and increase in surface area (in proportion to its vol-
ume), which leads to a higher number of atoms, as demon-
strated by Dalpasquale et al. [4].

The use of 1100F/HMPnano promoted significant changes
in the biochemical composition of biofilm, providing more
insights into the mechanisms of action of this association. It
is noteworthy that the increase in F concentrations in the bio-
film is often correlated with Ca concentration [25–27], as ob-
served for the 1100F group when compared to the Placebo
group (Table 1). The addition of micro-sized 0.5% HMP to
1100F toothpaste presented similar outcomes, showing no ad-
ditional effect on the biofilm. Nevertheless, micro-sized
0.5%HMP presented smaller depth of lesion (ΔKHN) and
higher Ca concentration in enamel when compared to 1100F
(Table 1). The lower cariogenic challenge observed in the
present study can also have contributed to lower mineral loss
of the 1100F toothpaste when compared to in vitro study [3].
This effect is due to the HMP capacity of enamel adsorption
and reduction of acid diffusion into enamel [3]. Considering

Table 1 Mean (SD) of variables analyzed according to the toothpaste treatments

Analysis Toothpastes

Placebo 1100F 1100F/HMP 1100F/HMPnano

%SH, KHN − 53.8a − 35.3b − 34.3b − 18.7c

(8.7) (9.4) (4.5) (5.5)

ΔKHN, KHN × μm 6244.6a 3663.4b 3280.6c 1655.4d

(909.0) (305.7) (368.6) (391.8)

Enamel (μg/mm3)

Fluoride 0.18a 0.29b 0.29b 0.25b

(0.03) (0.03) (0.05) (0.05)

Calcium 228.9a 381.5b 608.3c 678.6d

(57.0) (68.1) (76.1) (67.3)

Phosphorus 287.5a 342.7b 331.7b 390.4b

(49.1) (81.1) (81.5) (68.6)

Biofilm (mol/kg)

Fluoride 2.74E−04a 6.81E−04b 5.27E−04b 1.28E−03c

(9.29E−05) (5.26E−04) (1.97E−04) (1.01E−03)
Calcium 6.63E−02a 1.13E−01b 1.10E−01b 1.24E−01c

(2.94E−02) (2.64E−02) (3.94E−02) (2.29E−02)
Phosphorus 7.91E−02a 9.60E−02a 1.12E−01a 1.13E−01a

(2.48E−02) (3.94E−02) (5.90E−02) (3.68E−02)
Biofilm: EPS (mg/g) 434.2a 239.4b 225.4b 87.4c

(156.3) (97.3) (71.7) (43.4)

Different lowercase letters indicate significant differences among the treatments for each variable separately. One-way ANOVA, repeated measures
followed Student–Newman–Keuls’ test (n = 12, p < 0.001)
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the effect in the biochemical composition of biofilm, micro-
sized 0.5%HMP did not interfere with Ca retention, unlike the
findings for micro-sized 1.0% HMP in a previous study [5].
However, the 0.5% HMP in its nano-sized form led to higher
F and Ca ion retention as a consequence of its more reactive
and smaller particles. Hence, ionic activity of CaF+ and HF0

for the 1100F/HMPnano was significantly higher when com-
pared to the other groups; andmight act on the inner part of the
subsurface lesion [28]. In addition, only the 1100F/HMPnano
toothpaste was supersaturated in relation to CaF2, when com-
pared to 1100F and 1100F/HMP groups. In the 1100F/
HMPnano group, the biofilm served as a reservoir of F and
Ca ions during the high cariogenic challenge (30% sucrose
solution), maintaining greater amount of Ca in the enamel
(Table 1), which could contribute to minimize the enamel

mineral loss (%SH and ΔKHN). Nonetheless, the mecha-
nisms proposed above need to be carefully considered, given
that data from ionic activity were calculated based on the total
ion concentration from the whole biofilm, which comprises
not only the free ions in the biofilm fluid but also ionizable and
firmly bound pools. Such calculations, however, are useful for
an overall comparison between groups, providing insights on
the reasons why HMP nano promoted a significantly higher
protective effect on enamel.

Regarding alkali-soluble EPS concentration, our results
showed an expressive reduction (64%) for the HMPnano
toothpaste when compared with 1100F, which was not ob-
served for micro-sized 1.0% HMP added to 1100F toothpaste
[5]. That study hypothesized that 1.0% HMP reduces the cal-
cium concentration in the biofilm. It is noteworthy that more
fluoride in the biofilm is related with higher Ca concentration
[25–27], as observed for 1100F and 1100F plus micrometric
0.5% HMP when compared to the Placebo (Table 1). In addi-
tion, the reduction of EPS is related to Ca concentration be-
tween 1 × 10−3 and 1 × 10−4 mol/L [29]. A lower percentage
of HMP did not interfere with calcium in the biofilm as veri-
fied in the previous study [5], and 1100F and 1100F/HMP
showed similar ability to reduce the EPS in the biofilm
(Table 1). Thus, the higher F and Ca concentrations produced
by 1100F/HMPnano in the biofilmmay have been responsible
for the reduction of bacterial metabolism and EPS production
[30–33]. Notwithstanding, the HMP presents capacity to alter
the permeability and glucose transport, since it forms a strong
complex with Mg2+ in the outer bacterial membrane, leading
to an antimicrobial effect [6], and thus the results of our study
showed that this effect can be increased when HMP is used in
its nano-sized form. The HMP in its nano-sized form can lead
to reduction of EPS since its particles are more reactive.
However, these data are not supported by the literature be-
cause a report showed antimicrobial action over cariogenic
bacterial in concentrations over 6.0% [5]. These data are based
on an in situ demineralization protocol, and we suggest that
other similar studies should be conducted with biofilm accu-
mulation and different cariogenic challenges (frequency × ex-
posure to sucrose) to simulate patients with different caries
activities. Studies analyzing the inorganic composition of sa-
liva and plaque fluid, in situ remineralization protocol, and
in vivo studies would be of great importance to confirm our
findings.

We conclude that 1100F/HMPnano promoted a greater
protective effect against enamel demineralization and signifi-
cantly affected the composition of biofilm formed in situ when
compared to 1100F toothpaste. Thus, this toothpaste could be
an alternative for patients at high caries risk and activity.
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Table 2 Ionic activity of ions species and phase saturation from dental
biofilms treated with different toothpastes

Toothpastes

Placebo 1100F 1100F/HMP 1100F/HMPnano

Ion activity (mol/kg)

Ca2+ 1.39E−02a 1.68E−02a 1.52E−02a 1.65E−02a

(1.72E−02) (7.20E−03) (9.61E−03) (4.54E−03)
CaPO4

− 1.13E−03a 1.68E−03a 2.63E−03a 2.01E−03a

(5.06E−04) (5.24E−04) (3.14E−03) (5.04E−04)
CaHPO4

0 3.86E−02a 5.80E−02b 5.80E−02b 6.72E−02b

(1.73E−02) (1.75E−02) (2.15E−02) (1.83E−02)
CaH2PO4

+ 1.59E−02a 4.05E−03a 4.11E−03a 4.83E−03a

(4.51E−02) (1.27E−03) (1.53E−03) (1.26E−04)
PO4

3− 4.23E−08a 3.40E−04a 4.76E−08a 3.88E−08a

(1.75E−08) (1.18E−08) (3.83E−08) (2.09E−08)
HPO4

2− 6.78E−03a 6.10E−03a 8.38E−03a 1.14E−02a

(3.73E−03) (3.75E−03) (6.74E−03) (1.64E−02)
H2PO4

− 1.15E−02a 8.88E−03a 1,15E−02a 9.53E−03a

(4.81E−03) (5.92E−03) (1.08E−02) (3.98E−03)
F− 1.88E−04a 4.01E−04a 3.33E−04a 7.85E−04a

(6.06E−05) (2.77E−04) (1.44E−04) (6.32E−04)
CaF+ 2.06E−05a 8.99E−05b 5.14E−05b 1.35E−04c

(1.42E−05) (9.91E−05) (2.62E−05) (9.46E−05)
HF0 3.51E−08a 7.49E−08b 6.23E−08b 1.46E−07c

(1.10E−08) (5.17E−08) (2.69E−08) (1.18E−07)
Degree of saturation

HA 15.22a 16.54b 16.36b 16.80c

(1.58) (0.46) (0.69) (0.41)

CaF2 0.84a 1.69b 1.56b 2.28c

(0.56) (0.69) (0.34) (0.49)

Distinct lowercase letters indicate statistical significance among the tooth-
pastes for each ions species or solid phase (Student–Newman–Keuls’s
test; p < 0.05; n = 12). Values between parentheses indicate the standard
deviation of the mean
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