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Abstract
Objectives The aim of the study was to investigate the caries-
preventive effect of newly developed fluoride and fluoride-
free toothpastes specially designed for erosion prevention.
The hypothesis was that these products might also show su-
perior caries-inhibiting effect than regular fluoride tooth-
pastes, since they were designed for stronger erosive acid
challenges.
Materials and methods Enamel specimens were obtained
from bovine teeth and pre-demineralized (pH = 4.95/21 days)
to create artificial caries lesions. Baseline mineral loss (ΔZB)
and lesion depth (LDB) were determined using transversal
microradiography (TMR). Ninety specimens with a median
ΔZB (SD) of 6027 ± 1546 vol% × μm were selected and
randomly allocated to five groups (n = 18). Treatments during
pH-cycling (14 days, 4 × 60 min demineralization/day) were
brushing 2×/day with AmF (1400 ppm F−, anti-caries [AC]);
AmF/NaF/SnCl2/Chitosan (700 ppm F−/700 ppm F−/
3500 ppm Sn2+, anti-erosion [AE1]); NaF/KNO3 (1400 ppm
F−, anti-erosion [AE2]); nano-hydroxyapatite-containing
(0 ppm F−, [nHA]); and fluoride-free toothpastes (0 ppm F−,
negative control [NC]). Toothpaste slurries were prepared
with mineral salt solution (1:3 wt/wt). After pH-cycling

specimens presenting lesion, surface loss (mainly by NC and
nHA) were discarded. For the remaining 77 specimens, new
TMR analyses (ΔZE/LDE) were performed. Changes in min-
eral loss (ΔΔZ = ΔZB − ΔZE) and lesion depth
(ΔLD = LDB − LDE) were calculated.
Results All toothpastes caused significantly less deminerali-
zation (lower ΔΔZ) than NC (p < 0.05, ANOVA) except for
nHA. The fluoride toothpastes did not differ significantly re-
garding ΔΔZ and ΔLD (p > 0.05, ANOVA).
Conclusion/clinical relevance While both anti-erosive and
anti-caries toothpastes reduced mineral loss to a similar extent,
the fluoride-free nano-hydroxyapatite-containing toothpaste
seemed not to be suitable for inhibition of caries deminerali-
zation in vitro.
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Introduction

Toothpastes, one of the most widely practiced and effective
way to deliver free or soluble fluoride, are probably the most
common products in healthcare [1]. Since several years, how-
ever, fluoride-free toothpastes with other active components
(i.e., nano-sized zinc-carbonate-hydroxyapatite or nano-
hydroxyapatite (nHA)) have been marketed, claiming to be
specifically effective against caries [2] or erosion [3].

Indeed, a few studies have indicated a significant
remineralizing effect by nHA-containing toothpastes [4, 5].
The remineralizing potential of these new products was in
the same order, although not significantly higher than that of
fluoride. In a strongly remineralizing in vitro model, in which
no pH-cycling was performed, it has been shown that a nHA-
containing toothpaste (10 wt%) caused an enamel mineral
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gain, which was not significantly different than that of an
amine fluoride toothpaste (1450 ppm F−) [4]. In situ, again,
no significant difference in mineral gain has been shown by a
nHA (10 wt%) and a sodium fluoride toothpaste (1100 ppm
F−) [5]. However, analyzing nHA being incorporated in ex-
perimental pastes, more negative results have been observed
[6]. For the experimental pastes containing 10 % as well as
20 % nHA, no significant difference could be observed for
enamel subsurface demineralization compared both to no
treatment and to placebo (paste without nHA and F−) [6].
Only when fluoride (0.2 % NaF) was combined to a nHA-
containing (10 %) paste, a significant improvement of enamel
remineralization could be observed, in situ. A reduction of
demineralization using this combined nHA and fluoride treat-
ment was still not achieved though [7].

Also for the use as solution, a significant remineralizing
effect on artificial caries models has been observed [8]. When
nHA was dissolved in solution (10 wt% nHA, pH = 4.0),
significantly higher mineral gain could be observed compared
to the negative control in a pH-cycling model [8].
Contrastingly, in a second study using the same model and
the same test solution but with a neutral pH (10 wt% nHA,
pH = 7.0), the nH was again effective in significantly increas-
ing surface hardness as compared to a negative control, but
less effective than the positive control, a neutral fluoride so-
lution (1000 ppm F− as NaF) [9]. Furthermore, in a caries
biofilm model, the daily treatment with nHA solution
(10 wt%) also did not lead to an observable remineralization
of the demineralized enamel [10]. In summary, although the
gain in mineral content for fluoride-free nHA-containing
toothpastes was as high as that of fluoride toothpastes in some
studies [4, 5] and independently of the contrary results when
nHA was incorporated in pastes or solutions [6, 9, 10], the
designs of the majority of in vitro and in situ studies resulted
in net remineralization models. Even the control groups
remineralized. Only one study analyzed nHA under net
demineralizing conditions on sound surfaces [6], and none
of them analyzed the effect of nHA on pre-formed caries
lesions and net demineralizing conditions yet. Thus, until
now, there is very little information on the anti-caries effect
of nHA-containing products especially under net
demineralizing conditions.

Moreover, when nHA toothpastes were tested under strong
demineralizing conditions, as in the frame-work of erosion, not
as promising results have been observed. In a severe erosion
model, the conventional fluoride toothpastes significantly re-
duced enamel tissue loss to 19–78 % of that of the control
group (no treatment), whereas 10 wt% nHA could not signifi-
cantly reduce enamel tissue loss [3]. Furthermore, 10 wt% nHA
exhibited the overall highest enamel tissue loss and was signif-
icantly less effective than most of the NaF toothpastes [3].

Recently, also new agents have been incorporated to fluo-
ride toothpastes, in order to either increase their preventive

effect against dental erosion (like the inclusion of the metal
ions as stannous, and biopolymers as chitosan) or decrease
dentin hypersensitivity (like the inclusion of potassium nitrate
(KNO3), strontium salts, bioglass, and arginine bicarbonate).
The anti-erosive efficacy of commercial toothpastes contain-
ing some of these compounds has been demonstrated [3,
11–14], but up to now, the degree of efficiency of these tooth-
pastes in a caries model has not been tested. Moreover, for
toothpastes containing potassium nitrate, contradictory results
related to its effects against erosion have been observed.
Studies show sometimes small (19 % erosion reduction) but
significantly better results than no treatment [3] and some-
times the opposite [15]. For stannous- and chitosan-
containing toothpastes, significant effect on reduction of
enamel erosive surface loss has been demonstrated [11, 12,
14], but to the best of our knowledge, its effect on caries model
has not been published yet.

So far, there is very limited information about the anti-
car ies effect of nHA-conta ining products under
demineralizing conditions, especially in relation to conven-
tional fluoride compounds. Thus, the aim of this study was
to investigate the caries-protective effect of newly developed
fluoride and fluoride-free toothpastes specially designed for
erosion prevention using a pH-cycling model causing net de-
mineralization. Since some of these new toothpastes contain
other active ingredients but no fluoride, and additionally the
acid challenges during erosive episodes are stronger than in
the caries process, it was hypothesized that no significant dif-
ferences on inhibition of demineralization would be observed
between the anti-caries and anti-erosive toothpastes, but for all
compared with a fluoride-free control.

Materials and methods

A summary of the whole experimental set-up is described in a
flowchart (Fig 1).

Specimens preparation

Bovine incisors were obtained from freshly slaughtered cattle
(negative BSE test) and stored in 0.08 % thymol. Two hun-
dred enamel specimens (5mm× 4mm× 3mm)were prepared
[16] (Fig. 2a). After embedding in acrylic resin (Technovit
4071; Heraus Kulzer, Hanau, Germany), enamel surfaces
were ground flat and polished (waterproof silicon carbide pa-
pers, FEPA grit sizes: 800, 1200, 2400, 4000; Struers).

Lesion formation

Half of the enamel surfaces were covered with a flow composite
resin (Tetric EvoFlow; A4, Ivoclar Vivadent AG, Schaan,
Principality of Liechtenstein) in order to assure enough
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mechanical and acid-resistance for the untreated control area.
The other half remained uncovered (treatment area). To create
artificial enamel caries lesions in uncovered areas, specimens
were stored in a demineralization solution for 21 days (2.5 ml
solution/mm2 enamel surface) [17]. The solution contained
50 mM acetic acid, 3 mM CaCl2 H2O, 3 mM KH2PO4, 6 μM

methylhydroxydiphosphonate, and traces of thymol (pH 4.95;
37 °C). During that period, the pH was monitored daily and, if
necessary, adjusted with small amounts of either 10 % HCl or
10 mM KOH to maintain a constant pH value [17].

After demineralization of the specimens, artificial carious
lesions with intact surfaces were observed in all specimens. In

Fig 1 Flowchart of the
experiments. a Analysis of
mineral loss (TMR). b Analysis
of the toothpaste slurries

Fig 2 a Specimen preparation. (a) Frontal view of bovine front tooth; (b)
separation of crown and root; (c) and (d) cuts perpendicular and parallel to
t h e l o n g a x i s o f t h e t o o t h c r o w n ; ( e ) o b t a i n e d
specimens(5 mm × 4 mm × 3 mm); ( f ) specimen covered with resin;
(g) pre-demineralized specimen, (control area (red) and treatment area);
and (h) obtainment of the 100 μm-slices for baseline TMR analysis and

submission of the other part of the specimen to pH-cycling. b Specially
developed toothbrush holder to assure a standardized brushing force of
1.5 N (150 g). Before each ten measurements, brushing force was con-
trolled using a laboratory balance. In order to cover the specimens, 25 ml
of slurries were needed
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order to calculate baseline mineral loss and lesion depth, thin
slices of 100 μm (±10 μm) of each partially demineralized
enamel specimen were cut perpendicular to the surface, as
described below. These slices were prepared for transversal
microradiographic (TMR) analysis in order to select speci-
mens with comparable and homogeneous demineralization.
In this way, 90 specimens with a mean (±SD) baseline mineral
loss (ΔZB) of 6027 ± 1546 vol% × μm and a mean lesion
depth (LDB) of 143 ± 28 μm were chosen from the 200 spec-
imens originally prepared [18].

Surface treatment

The obtained specimens were randomly divided into five
groups, which received different fluoride treatments:
fluoride-free toothpaste (0 ppm F−), as negative control
[NC]; AmF (1400 ppm F−) anti-caries [AC]; AmF/NaF/
SnCl2/Chitosan (700 ppm F−/700 ppm F−/3500 ppm Sn2+),
anti-erosion [AE1]; NaF/KNO3 (1400 ppm F−), anti-erosion
[AE2]; and nano-hydroxyapatite-containing (0 ppm F−) [NH]
toothpastes (Table 1).

Toothpaste slurries and brushing procedure

From the toothpastes, slurries were prepared by mixing with
the mineral salt solution (1 part toothpaste to 3 parts mineral
solution, by weight). The slurries were freshly prepared at the
beginning of each experimental day [3]. The pH values of all
solutions were monitored with a pH-sensitive electrode.

Twice daily, all groups were immersed in toothpaste slurries
for 1 min and 55 s and brushed for 5 s. The mineral solution was
composed of 4.08 mmol H3PO4, 11.90 mM NaHCO3,
20.10 mM KCl, and 1.98 mM CaCl2 [19]. The mineral solution

is supersaturated with respect to hydroxyapatite and has a pK-pI
of 10.37 [3]. The brushing force was 1.5 N (150 g), standardized
using a customized toothbrush holder (Fig. 2b) and a powered
toothbrush connected to an oscillating-rotating brush head
(Braun Oral B Professional Care 8500 + Brush Head: Precision
Clean, Oral B, Procter & Gamble GmbH, Germany) was used
[20]. The most external and longer bristles were removed from
the brushing heads and only the center rounded-end bristles
fitting exactly the exposed enamel area weremaintained. In order
to simulate the time needed to brush one tooth, the brushing time
per specimen was calculated dividing the mean brushing time of
adults [21] by the total number of teeth (28) excluding the thirds
molars.

pH-cycling conditions

After surface treatment, specimens were submitted to a pH-
cycling for 14 days [17]. The pH-cycling involved four demin-
eralization times of 1 h each (total 4 h/day) and four
remineralization times of at least 2 h during the day and a longer
overnight period (total 18 h/day). Brushing was performed
twice daily in the periods between 08:00–09:00 h and 20:00–
21:00 h always after a demineralization phase (total brushing
time all 90 specimens 2 h/day). The demineralization contained
3 mM CaCl2 * 2 H2O, 3 mM KH2PO4, 50 mM CH3COOH
(lactic acid), and 6 μM methylhydroxydiphosphonate
(MHDP), pH 5 (37 °C). The remineralization solution
contained 1.5 mM CaCl2 * 2 H2O, 0.9 mM KH2PO4, and
20 mM N-2-hydroxyethylpiperazine-N′2-ethanesulfonic acid
(HEPES) as buffer, pH 7 (37 °C). For both solutions, the pH
was adjusted with small amounts of 10 %HCl or 10 mMKOH
to maintain a constant pH [17]. The pH-cycling solutions were
refreshed daily. The amount of each solution was large enough

Table 1 Description of groups, toothpastes fluoride content, and active ingredients

Groups Toothpastes Fluoride
content
(ppm F−)

Active ingredients RDAa RDAb

Negative control NC Toothpaste fluoride-free,
(Weleda, Germany)

0 – 15a n/a

Anti-caries toothpaste AC Toothpaste Elmex Caries
(GABA, Germany)

1400 AmF (1400 ppm F−) 90a 57.4 ± 5.3

Anti-erosion toothpaste 1 AE1 Toothpaste Elmex Erosion Protection
(GABA, Germany)

1400 AmF (700 ppm F−) NaF
(700 ppm F−) SnCl2
(3500 ppm Sn) 0.5 %

Chitosan

n/a 18.8 ± 3.0

Anti-erosion toothpaste 2 AE2 Toothpaste Pronamel
(GlaxoSmithCline, Germany)

1450 NaF (1450 ppm F−)
5 % KNO3

30–40a 19.3 ± 2.2

Nano-hydroxyapatite-containing toothpaste NH Toothpaste Biorepair
(Dr. Kurt Wolf, Germany)

0 20 % Zinc-carbonate-
hydroxyapatite
(0 ppm F−)

n/a 183.6 ± 19.6

n/a not available
a According to the manufacturer
b According to Aykut-Yetkiner et al. 2014
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to prevent the solutions from becoming saturated with or de-
pleted of mineral ions (2.5 ml solution/mm2 enamel surface).

Determination of free fluoride in the slurries

For the fluoride-containing toothpastes, total soluble fluoride
concentrations in the slurries were determined directly and
12 h after preparation. Two hundred milligrams of the tooth-
paste slurries (1 part toothpaste to 3 parts mineral solution, by
weight) were diluted in 100 ml distilled water at room tem-
perature. Four milliliters of the diluted slurries were centri-
fuged at 10,000 g for 10 min and 1 ml of the supernatant
was added to 1 ml TISAB II (Thermo Fisher Scientific,
Beverly, Mass., USA). To calibrate the electrode, four fluoride
solutions (3.8, 1.9, 0.38, and 0.19 mg/l) were prepared, since
these concentrations are in the same range of the expected
sample concentrations. After calibration, the fluoride concen-
tration of the toothpastes were determined using a fluoride-
sensitive electrode (type 96–09 BNC; Thermo Fisher
Scientific) [3, 22, 23]. Analyses were made in triplicate.

Transversal microradiography analysis

After the pH-cycling, from each specimen, a slice of approx-
imately 300-μm thickness (Exakt GmbH, Norderstedt,
Germany) was obtained and subsequently ground and
polished to a thickness of 100 μm (±10 μm) using waterproof
silicon carbide papers (FEPA grit sizes: 800, 1200, 2400,
4000; Struers). The parallelism of the specimens was tested
with a digital micrometer with a precision of 0.001 mm
(Mitutoyo, Japan). Contact microradiographs of the enamel
specimens were obtained with a nickel-filtered copper
(CuKa) X-ray source (PW 1730; Philips, Kassel, Germany)
operating at 20 kV and 20 mA. The radiation source-to-film
distance was 28 cm. The exposure time was 10 s and a high-
resolution film (Motion picture fine grain positive film
71337″; FUJIFILM Corporation Japan) was used and devel-
oped under standardized conditions according to the manufac-
turer’s recommendations.

Microradiographs were digitalized by an image-analyzing
system (Diskus software version 4.80; Königswinter,
Germany) that is interfaced to a universal microscope (Leica
DMRX; Germany) and a personal computer. A transversal
microradiography (TMR) software (Version 5.25 by Joop de
Vries, Groningen, Netherlands) was used to calculate the min-
eral loss (ΔZB/ΔZE) and the lesion depth (LDB/LDE) before
and after pH-cycling.

Calculation of integrated mineral loss and lesion depth

The mineral content was calculated by the TMR software
based on the specimen’s gray levels. The average mineral
content of sound enamel was assumed to be 87 vol%, and

the mineral density of sound enamel to be 2.88 g/cm3, as
measured by previous studies [24, 25]. The lesion depth was
calculated using a threshold of 95 % of the mineral content of
sound enamel (i.e., 82.7 %). Thus, integrated mineral loss
(ΔZ), lesion depth (LD), and ‘R’ value (being the ratio of
mineral loss (ΔZ) to lesion depth (LD)) could be calculated
[26, 27].

Baseline mineral loss (ΔZB) and lesion depth (LDB) of pre-
demineralized surfaces were subtracted from the respective
values after pH-cycling, named here ‘effect’ (ΔZE, LDE)
[28, 29]. Changes in mineral loss (ΔΔZ = ΔZB − ΔZE), le-
sion depth (ΔLD = LDB − LDE) and ‘R’ values were then
calculated.

Statistical analysis

Data were analyzed using SPSS statistical software (SPSS
22.0; SPSS, Munich, Germany). Before analysis, all variables
were tested for normal distribution (Shapiro-Wilk test).Within
one experimental group, changes in mineral loss and lesion
depth before and after pH-cycling (ΔZB vs.ΔZE and LDB vs.
LDE) were analyzed using t test. Analysis of variance
(ANOVA) was used for pair-wise multiple-comparisons to
detect differences in changes of mineral loss (ΔΔZ) and lesion
depth (ΔLDE) between treatments. All tests were performed
at a 5 % level of significance.

Results

Free fluoride in the slurries

The highest amount of total soluble fluoride was detected for
AE1, both immediately and 12 h after slurry preparation. For
NC and nHAvery small amounts of fluoride (<2 ppm) and no
fluoride were detected immediately and after 12 h after slurry
preparation, respectively (Table 2).

TMR Analysis

After pH-cycling, specimens presenting lesion surface loss
(mainly by NC and nHA) were discarded and for the remain-
ing 77 specimens, new TMR analyses (ΔZE/LDE) were
performed.

No significant difference between the groups could be ob-
served for ΔZB (p > 0.05, ANOVA). After pH-cycling, spec-
imens of NC and nHA showed a significantly increase in
mineral loss (p < 0.05, t test), whereas for AC, AE1, and
AE2, a small non-significant increase could be observed
(p > 0.05, t test). Figure 3 shows the representative TMR
microradiographs and the respective mineral distribution pro-
files of the lesions before and after pH-cycling.
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For comparisons between the groups, all toothpastes
caused s igni f icant ly lower ΔΔZ (SD) than NC
(−4557 ± 2178 vol% × μm) (p < 0.05, ANOVA), except for
nHA (−2119 ± 1896 vol% × μm) (p = 0.114, ANOVA). Both
AE’s and AC toothpaste did not differ significantly in ΔΔZ
(p > 0.05, ANOVA) (Table 3).

With respect to lesion depth, only AE2 showed statistically
significantly lower ΔLD means than NC (p = 0.039,
ANOVA). Among all other groups, no statistically significant
differences were detected (p > 0.05, ANOVA) (Table 3).

Discussion

Most of the anti-erosive toothpastes significantly reduced
enamel carious mineral loss as compared to the negative con-
trol, but they were not significantly superior to the conven-
tional AmF toothpaste. Thus, the null hypothesis was partially
accepted. The only exception is the nHA toothpaste that did
not significantly reduced enamel demineralization as com-
pared to the negative control. On the one hand, this is in
agreement with the findings of a recent in situ study, in which
an experimental nHA paste (not a toothpaste) was not able to
decrease enamel demineralization [7]. On the other hand, this
is in contrary to some previous studies that showed a signifi-
cant remineralizing effect for nHA solutions [8, 9] and also for
a nHA toothpaste [4]. However, the latter studies analyzed
only the remineralizing effect of nHA, and this effect has also
never been tested in controlled clinical trials. So, it is still
unclear how well these compounds would work under more
complex conditions of real oral environment. Furthermore, in
a biofilm model simulating more clinical variables, as the
presence of a plaque biofilm over the tooth surface,
remineralization of previously demineralized enamel could
also not be observed [10].

It can be speculated that one of the reasons, why the nHA
toothpaste did not show a significant anti-caries effect in the
present study, could be the neutral pH of the formulation
(nHA: pH 7.5) and the delivery form. It is known that, firstly,
solutions normally have a stronger effect on influencing tooth

de- and remineralization than toothpastes [1], and secondly, it
has been demonstrated that, at least for nHA solutions, a three-
fo ld increase of enamel minera l gain (593.6 to
1837.8 vol% × μm) can be observed, when the pH of the
solution is decreased from 7 to 4 [8]. Besides that, the positive
remineralizing effect observed by a recent nHA toothpaste
study [4] might be related to the type of pH-cycling model
used (without demineralization periods resulting in net
remineralization). In the presence of free fluoride, the enamel
critical pH for demineralization shifts approximately 0.5–1.0
units to a more acidic critical pH [30]. As fluoride-free com-
pounds do not have this action, it can be expected that they
result in a worse inhibition of demineralization than that of a
fluoride toothpaste [30]. Under constant remineralization con-
ditions (without any demineralization periods) [4], this
(unfavorable) effect, of course, cannot be observed at any
time.

Two of the fluoride compounds tested here (sodium fluo-
ride and amine fluoride) have proved to be clinically effective
[31]. Indirect evidence exists also for the stannous-containing
fluoride formulation, if the clinical studies with stannous fluo-
ride are considered [31–33]. However, there is currently no
clinical study providing a direct comparison of their anti-
caries efficacy. Here, under in vitro conditions, a similar re-
duction of further mineral loss between the three types of
fluoride toothpastes (AmF, AmF/NaF/SnCl2/Chitosan, NaF/
KNO3) having similar free fluoride content could be observed.
Thus, the results indicate that the preventive effect of tooth-
pastes may be more related to the amount of free fluoride than
to the type of fluoride compound. Similar findings have also
been found in a meta-analysis, showing that the main type of
fluoride compounds did not influence the magnitude of the
treatment effect [31].

The observed reduction of enamel demineralization for all
three fluoride-containing toothpastes (AmF, AmF/NaF/SnCl2/
Chitosan, and NaF/KNO3) tested might be related, though, to
different mechanisms of action, since they contain different
fluoride compounds and other active ingredients. One of the
mechanisms, through which fluoride interferes with the dy-
namics of dental caries formation or progression, is the forma-
tion of different fluoride reservoirs [34]. However, this

Table 2 Measurements of pH
and free fluoride content of the
prepared toothpaste slurries,
immediately and 12 h after
preparation

Groups pH Free fluoride (ppm)

Immediately after preparation

Free fluoride (ppm)

12 h after preparation

Mean SD Mean SD Mean SD

NC 8.2 0.03 1 a 0.05 0.6 a 0.01

AC 5.3 0.07 413 b 4 386 b 0

AE1 5.1 0.03 419 b 5 397 c 3

AE2 6.9 0.03 396 c 3 373 d 1

nHA 7.5 0.02 2 a 0.1 0.7 a 0.04

Different letters in the same column indicate statistically significant differences (p < 0.05, ANOVA)
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Fig 3 Representative TMR images of the lesions before (left) and after
pH-cycling (middle) as well as the respective mineral distribution profiles
(right). In the diagrams, the gray line represents the mineral distribution

profile of the lesion at baseline and the dark black line after pH-cycling
(effect). All the mineral content assessments were conducted with TMR/
WIM Calculation Program
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adsorbed fluoride (reservoir) is presumed to exhibit the main
effect for caries prevention, when solely amine or sodium
fluoride toothpastes are used [34]. For the Sn-containing prod-
ucts, inhibition of enamel acid dissolution occurs actually
through deposition of an amorphous Sn-rich layer over the
surface, as well as the incorporation of Sn into enamel [35].
Additionally, chitosan, the other active product present in the
AmF/NaF/SnCl2/Chitosan toothpaste, has an anti-
demineralization property, being able to significantly inhibit
phosphorous release under pH-cycling conditions [36]. The
combination of chitosan and Sn, as in the toothpaste formula-
tion tested, results in a synergistic preventive effect at least for
erosion [3, 11, 12]. If this is also true for carious conditions is
yet to be investigated. In the present study, however, it did not
result in a significantly higher preventive effect than the ob-
tained with a conventional AmF toothpaste as well as to the
NaF/KNO3 product.

Another point to be considered is that some specimens of
groups NC and nHA presented lesion surface loss and had to
be discarded. This might be interpreted as an indicator for
abrasive losses due to abrasive ingredients or brushing proce-
dure (force/movement), as well as the reduced presence of free
fluoride at the specimen-solution interface. Most probably,
surface losses observed in NC and nHA were not caused by
the effect of brushing alone. Since, the same oscillating-
rotating movement and brushing force (1.5 N) were used for
all specimens and not all groups showed lesion surface loss. In
this case, it can be speculated that the absence of fluoride was
a greater influencing factor, as the lesion surface becomes less
mineralized in the absence of fluoride [37]. Only in the special
case of the nHA toothpaste, not only the absence of fluoride
but probably also the abrasive ingredients played an important
role in the observed effects. As a recent study showed that the
nHA toothpaste had a three to nine times higher RDAvalue as
compared to the same toothpastes tested here (AmF, AmF/
NaF/SnCl2/Chitosan, NaF/KNO3) [14].

The study design chosen represent a relatively mild
demineralizing model being intended to result in (slight) net
demineralization, even for the fluoride groups. This should

simulate the clinical situation of patients at high caries risk,
as for example, patients with a frequent intake of readily fer-
mentable carbohydrates. Besides, as in the natural caries pro-
cess, in the present model demineralizing challenges were
followed by remineralizing phases, allowing the fluoride ion
to have an effect on both phases. Both the number of demin-
eralization phases (6× demin/day) as well as the total demin-
eralization time per day (4 h/day) was similar to other pH-
cycling studies [38, 39]. These conditions resulted in subsur-
face initial caries lesions showing net demineralization in our
pilot tests (data not shown), so this model fulfilled the condi-
tions intended to be simulated. Nevertheless, it is still only an
in vitro pH-cycling model, which only partly resembles the
clinical situation. It has, however, the advantage of being ideal
for an initial screening of possible effects of new therapies,
before more time- and resources-consuming in situ studies can
be conducted [32, 40]. For the simulation of toothbrushing
conditions, a powered toothbrush with rotating-oscillating
movement under a controlled and constant brushing force of
only 1.5 N was used. This in contrast to some previous
(erosive) in vitro studies (using linear movements and 2.0–
2.5 N) [12, 14], but in the range of values measured during
patient’s brushing (linear strokes/1.5–3 N) [21]. Nonetheless,
previous studies indicated that powered toothbrushes produce
significantly higher degrees of enamel abrasion [41].
Considering this and the fact that a powered toothbrush was
used here, the lowest brushing force recommended as clini-
cally similar, namely 1.5 N, was used to avoid excessive sur-
face abrasion [42, 43].

With the present set-up, anti-caries properties of different
anti-erosive toothpastes could be analyzed under highly stan-
dardized conditions. However, the chosen study design could
not take all oral factors into account. The complexity of any
tooth–pellicle–plaque–saliva interface, for example, was not
simulated [44]. Indeed, both saliva as well as the biofilm has
been shown to modulate the effect of nHA products. The
salivary proteins and the plaque biofilm can retain the nano-
HA precipitates for a longer time over the tooth surfaces,
creating calcium and phosphate reservoirs [7, 10]. Recently,

Table 3 Mean mineral loss (ΔZ) and lesion depth (LD) at baseline (ΔZB, LDB) and after treatment (ΔZE, LDE) as well as changes in mineral loss
(ΔΔZ) and lesion depth (ΔLD) for all groups

Mineral loss Lesion depth

n ΔZB [vol% × μm] ΔZE [vol% × μm] ΔΔZa [vol% × μm] LDB [μm] LDE [μm] ΔLDa [μm]

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

NC 11 5310 697 9868 2066 −4458 a 2178 145.3 19.7 209.7 39.9 −64.4 a 39.9

AC 17 5968 1701 6584 1743 −616 b 2542 136.4 25.6 196.6 42.4 −60.2 a, b 51.7

AE 1 18 6016 1265 6117 1719 −101 b 2245 133.8 27.7 167.5 58.1 −33.7 a, b 43.2

AE 2 18 6059 1782 6525 998 −466 b 2262 142.1 24.7 156.4 43.5 −14.3 b 58.3

nHA 10 7091 1802 9210 2206 −2119 a, b 1896 174.9 33.8 214.0 42.7 −30.2 a, b 39.1

a Different letters in the same column indicate statistically significant differences (p < 0.05, ANOVA)
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an in vitro study demonstrated that nHA treatment greatly
increased the calcium content of the Streptococcus mutans
biofilm (eightfold higher than the NaF treatment), which the-
oretically should clinically result in supersaturation of the
plaque fluid. So it is reasonable to believe that if the biofilm
was also simulated here, possibly a little less demineralization
would be observed for the nHA toothpaste. However, in the
mentioned study, even under this positive condition (supersat-
urated plaque biofilm), the nHA treatment did not lead to the
observable remineralization of demineralized enamel [10].
Thus, a complete change of the nHA-toothpaste results, if
the biofilm was also simulated here, seems, at least,
improbable.

The initial artificial caries lesions obtained in our study were
created using the method described by Buskes et al. [17] and
presented the same characteristics as natural ones. Such natural
enamel white-spot lesions present normally more porous,
though intact surface layer, covering a demineralized subsur-
face area, presenting 10–70 vol% of mineral content [45]; char-
acteristics which were also observed here (Fig. 3). Besides that,
recent TMR analyses of natural enamel lesions have shown
deeper mean lesion depth, but a mean mineral loss (SD) of
6691 (5922) vol% × μm [46], which is quite similar to that of
our baseline lesions (ΔZB = 6027 ± 1546 vol% × μm). Thus, it
seems that the lesions formed here mimic the natural ones, and
this contributes for the clinical relevance of our model. Another
point to be commented is the use of bovine enamel as substrate.
These teeth are more porous and present a higher rate of
demineralisation progression, expressed as faster lesion forma-
tion than human enamel [47]. However, bovine teeth are easier
to obtain, present the same mechanism of caries formation, and
have a more homogeneous mineralization pattern, which re-
sults in a more consistent experimental response [48].
Therefore, they are considered as a suitable substrate for anti-
caries in vitro and in situ studies.

To the best of our knowledge, no previous research paper
compared the efficacy of the toothpastes, tested in the present
study, in a caries model. However, there are some studies
testing their efficacy under erosion conditions, which repre-
sent a stronger acid challenge for them. The observation of
these studies shows that, at least regarding the nHA tooth-
paste, the same tendency for not causing significant reduction
of enamel demineralization can be observed. In one of the
studies, when toothbrushing was also simulated, the 10 wt%
nHA toothpaste could not significantly reduce enamel surface
loss, while the NaF/KNO3 and other fluoride toothpastes did
[3]. Testing the effects in dentin, it has been observed that the
10 wt% nHA toothpaste could indeed cause a low but signif-
icant reduction in erosive surface loss compared to no treat-
ment. However, this effect was also significantly lower than
the protective effect achieved with both a NaF/KNO3 and a
AmF/NaF/SnCl2/Chitosan toothpaste [14]. Thus, AmF, AmF/
NaF/SnCl2/Chitosan, and NaF/KNO3 not only have a more

promising anti-caries (as shown in the present study) but also a
stronger erosion-protective effect compared to nHA.

Based on the results, both anti-erosive (AmF/NaF/SnCl2/
Chitosan and NaF/KNO3) and the anti-caries (AmF) toothpastes
reduced mineral loss to a similar extent and seem to be suitable
for caries inhibition, in vitro. However, the nano-
hydroxyapatite-containing toothpaste could not significantly in-
hibit caries progression in a bacteria-free and demineralizing
pH-cycling model. Thus, care should be taken regarding patient
recommendations and anti-caries marketing claims of this tooth-
paste, since its anti-caries benefits seem not to be fully proven.
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