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Abstract The objective of this study was to analyse fluo-
ride uptake and microhardness alteration of carious-like
demineralised enamel after application of differently con-
centrated acidulated sodium fluoride gels and to determine
the effect of fluoridation on enamel resistance against sub-
sequent demineralisation. Artificial caries-like lesions of
bovine enamel specimens were treated with sodium fluoride
gels of different concentration (group A: 1.25%, group B:
0.62%, group C: 0.31%, group D: 0.15%; n=20 each group)
for 5 min and stored in artificial saliva for 24 h. This cycle
was carried out three times. Subsequently, KOH-soluble
and structurally bound fluoride (determined at depths of 30,
60, and 90 μm) were analysed. In the second part of the
study, for each 12 enamel specimens surface microhardness
was determined before and after demineralisation, after
fluoridation with the differently concentrated gels A–D, and
after a second demineralisation. With all groups uptake of
KOH-soluble and structurally bound fluoride resulted in
higher levels than baseline content. Statistical analysis
revealed significant differences between fluoride uptake
among the groups, with highest uptake for the 1.25% gel
and lowest for the 0.15% gel. Moreover, with all gels
highest uptake was observed in the outermost enamel layer
(P<0.05). Microhardness values after second demineralisa-
tion increased with increased concentration of the applied
sodium fluoride gel. Increasing concentration of the applied
gel implies better protection of the enamel specimens
against subsequent demineralisation (P<0.05). It is con-

cluded that differently concentrated acidulated sodium fluo-
ride gels resulted in concentration-related significant uptake
of fluoride in carious-like demineralised enamel, leading to
a better demineralisation protection with increasing fluoride
concentration in the gel.
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Introduction

The caries-inhibiting effect of fluoride was initially thought
to be primarily due to incorporation of fluoride into the
crystal lattice during development of the teeth. Today, it is
suggested that post-eruptive interaction of fluoride with
enamel is more important for caries protection. The caries-
preventive effects of fluoride are attributed to fluoride-
induced enhancement of remineralisation, inhibition of
demineralisation, and reduction of dissolution after fluoride
incorporation into the enamel crystallites [35]. For caries
prevention it seems to be essential to achieve high amounts
of KOH-soluble fluoride on the enamel surface [28]. How-
ever, the formation of fluoridated apatite also has a limited,
but measurable cariostatic effect [25].

Topical fluoridation can be achieved with dentifrices,
varnishes, or gels. Acidulated phosphate fluoride (APF) gels
containing amine fluoride or sodium fluoride reduced caries
prevalence successfully in both adults and children [22, 36].
Delbem and Cury [10] showed that administration of acid-
ulated fluoride gel led to greater fluoride deposition in
enamel than did neutral gel. They also demonstrated that
acidulated fluoride gel is also more effective in reducing
the demineralisation of enamel submitted to a cariogenic
challenge than is neutral fluoride gel.

However, most clinical studies evaluated the effects of
1.1–1.25% APF gels on caries inhibition [22, 36]. Because
of the toxicological risks, application of 1.25% fluoride gel
is not recommended for children up to 6 years [33]. Children
tend to swallow substantial amounts of topically applied
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fluoride [12, 32]. Thereby, even latent systemic uptake of
fluoride beyond a level of 0.05–0.1 mg kg−1 body weight
may result in enamel fluorosis [16, 19]. The acute toxic dose
of fluoride is probably 5 mg kg−1 body weight [37]. That
means that ingestion of 5 mL of 1.25% fluoride gel con-
taining 62.5 mg fluoride may cause life-threatening side-
effects in a child of 10 kg body weight.

Therefore, it seems reasonable to scrutinize the efficacy
of fluoride gels with lower fluoride concentrations which
may possibly be applied in children also. Topical fluorida-
tion with highly concentrated fluoride regimes results in an
increase of both KOH-soluble fluoride and structurally
bound fluoride in enamel [3, 5, 27]. The application of APF
gels with different fluoride concentrations (0.11–1.23%
fluoride) on sound enamel revealed no differences in
structurally bound fluoride. Only the 1.23%APF gel led to a
significant increase of KOH-soluble fluoride [11]. How-
ever, currently there is no information about the effects of
APF gels of different concentration on carious enamel and
resistance to further enamel demineralisation.

Consequently, the aim of this study was, first, to deter-
mine fluoride uptake in the form of KOH-soluble and
structurally bound fluoride in carious-like demineralised
enamel after application of sodium fluoride gels of different
concentration. The second objective was to test whether
application of these fluoride gels increases the resistance of
dental enamel against subsequent demineralisation. For this
purpose surface microhardness of enamel lesions treated
with the different APF gels was assessed before and after a
carious-like challenge.

Materials and methods

Preparation of specimens for fluoride analysis

Five enamel cylinders (3 mm in diameter) were prepared
from the buccal surface of each of 20 freshly extracted
bovine incisors. The top surface of each cylinder was
ground flat and polished with water-cooled carborundum
discs (1,200 grit waterproof silicon carbide paper; Struers,
Erkrath, Germany), thereby removing about 200 μm enam-
el. The thickness of the removed enamel layer was moni-
tored with a micrometer (Digimatic, Micrometer, Mitutoyo,
Tokyo, Japan). The specimens were covered with fluoride-
free wax (Rosa Modellierwachs, Orbis Dental, Offenbach,
Germany) except for the polished top surfaces. To produce
demineralised lesions the samples were stored in acidic hydro-
xyethylcellulose (HEC, pH 4.8) for three days, in accordance
with the method of Amaechi et al. [1].

One specimen from each tooth was assigned to each of
the four experimental groups A–D. The fifth specimen was
used for determination of the baseline fluoride content of
the respective tooth. This specimen was not treated with a
fluoride gel. The enamel surfaces of the remaining samples
were covered with 1 mL fluoride gels of different con-
centration (group A: 1.25% sodium fluoride, group B:
0.62% sodium fluoride, group C: 0.31% sodium fluoride,

group D: 0.15% sodium fluoride). The pH of these gels
was 5.0. After 5 min the gel was carefully removed with a
soft toothbrush and the samples were stored in 50 mL
artificial saliva for 24 h. The saliva was mixed according
to the formulation of Klimek at al. [21]. For each specimen
fluoridation and storage in artificial saliva was carried out
three times.

The fluoride gels were mixed according to the following
formulation (as an example the composition (wt.%) of the
1.25% gel is given): 1.9% hydroxyethylcellulose, 2.72%
sodium fluoride, 1.15% phosphoric acid (85%), 94.23%
distilled water. To achieve a constant pH of 5.0 in the
different concentrated fluoride gels the 1.25% fluoride gel
was diluted with fluoride-free gel of the same pH in ratios of
1:2, 1:4 and 1:8.

Fluoride analysis

The respective cylinders were analysed for KOH-soluble
and structurally bound fluoride. The amount of KOH-sol-
uble fluoride was determined by the method of Caslavska
et al. [7]. For this purpose the samples were stored in 1 mL
1 mol L−1 KOH. After 24 h the solution was neutralized
with 1 mL 1 mol L−1 HNO3 and buffered with 1 mL
TISAB II (Orion Research, Cambridge, USA) resulting in
a pH of 5.8.

Afterwards the wax was removed from the specimens
and structurally bound fluoride was determined in three
successive layers of 30μmeach. The layers were ground off
by a special technique using silicone carbide strips (3M,
Neuss, Germany) which had previously beenwashed for 8 h
in 3% HClO4 to remove traces of fluoride. After drying of
the strips the enamel layers were removed by grinding the
specimens with a special device which enabled the thick-
ness of the enamel specimens to be controlled [18]. A fresh
strip was used for each layer. The enamel particles worn off
and the strip were immersed in 0.5 mL 0.5 mol L−1 HClO4

for 1 h. Subsequently the solution was buffered with 2.5 mL
TISAB II resulting in a pH of 5.2. Fluoride in the solutions
(KOH and structurally bound fluoride) was assayed by use
of a specific fluoride electrode (Orion Research, Cam-
bridge, USA). This electrode is designed for fluoride mea-
surements in solutions of pH 5.0–6.0. Fluoride uptake of the
respective sample was calculated according to the equation:
Fluoride uptake=(measured fluoride value)−(baseline con-
tent of the tooth).

Preparation of specimens for microhardness testing

Forty-eight freshly extracted bovine incisors were stored in
10% thymol solution until required. The teeth were em-
bedded in acrylic resin (Palavit G; Kulzer Wehrheim,
Germany). The labial surfaceswere ground flat and polished
with water-cooled carborundum discs (1,200 grit water-
proof silicon carbide paper; Struers) and polished with dia-
mond paste (15 and 5 μm, Diamond paste; Struers) thereby
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removing approximately 200 μm of the outermost enamel
layer. The thickness of the removed enamel layer was moni-
tored with a micrometer (Digimatic, Micrometer, Mitutoyo,
Tokyo, Japan).

The final area of the specimen used for microhardness
measurement amounted to about 4 mm2. For all samples the
surface was demineralised by immersion of the samples in
HEC for 72 h (=first demineralisation). The specimens were
then evenly distributed among four experimental groups
according to the treatments with the differently concen-
trated gels as described above. The samples were treated
with the respective gel for 5 min and subsequently stored in
artificial saliva for 24 h. Finally all specimens were stored
again in HEC for 72 h (=second demineralisation).

Microhardness analysis

Baseline microhardness of the enamel surface was de-
termined for each specimen initially before artificial
demineralisation. After the first carious-like attack, after
fluoridation, and finally after the second demineralisation
the microhardness of the samples were analysed. A digital
microhardness tester (Leitz Miniload 2, Wild Leitz, Wetzlar,
Germany) fitted with a Vickers diamond and a 1,961 N load
was used to make indentations in the enamel surface. The
loaded diamond was allowed to rest on the surface for 30 s.
Five indentations were performed on each specimen for
every measurement and results were averaged.

Statistical analysis

The t-test for dependent samples (software package Statistica
6.0/statsoft, Tulsa, USA) was used to analyse differences in

mean fluoride concentration and hardness among the exper-
imental groups. Bonferroni corrections for multiple compar-
isons were applied to the data. Level of significance was set
at P<0.05.

Results

KOH-soluble fluoride

Data from KOH-soluble fluoride analysis are presented in
Table 1. Statistical analysis revealed a significant difference
between the four experimental groups. For all groups
uptake of KOH-soluble fluoride resulted in higher levels
than baseline content. Uptake of KOH-soluble fluoride
correlated with the fluoride concentration of the gel applied,
i.e. the higher the concentration of the fluoride gel, the
higher was the retention of KOH-soluble fluoride (P<0.05).

Structurally bound fluoride

Data showing uptake of the structurally bound fluoride
fraction are listed in Table 2. Statistical analysis revealed a
significant difference between all experimental groups
(P<0.05). In all groups a significant difference was observed
between the fluoride uptake of the different enamel layers
(P<0.05). In groups A–C the uptake of structurally bound
fluoride was distinctly higher than for both group D and
resulted in levels higher than the baseline value. Especially
in groups A (1.25%) and B (0.62%) fluoridation resulted in
a distinct fluoride uptake in the outermost layer.

Microhardness

Table 3 presents data from microhardness determination in
the respective groups. The data show that after the first de-
mineralisation the decline in microhardness in the different
experimental groups was nearly equal. However, after fluo-
ridation and second demineralisation microhardness of the
specimens were highest for those treated with the 1.25% gel.
Nevertheless, the specimens treatedwith either 0.62 or 0.31%
luoride also had increased resistance (P<0.05) against the
second demineralisation compared with the specimens
treated with 0.15% gel. The microhardness values imply in-
creased protection of the enamel specimens with increasing
concentration of applied fluoride gel (P<0.05).

Table 1 Mean value and standard deviation of KOH-soluble
fluoride uptake in the respective groups

Group μg cm−3

A (1.25%) 181.9±26.7a

B (0.62%) 137.7±13.9b

C (0.31%) 94.0±18.9c

D (0.15%) 52.8±8.1d

E (baseline content) 6.9±0.6e

Values with same superscript were not significantly different

Table 2 Mean value and stan-
dard deviation of structurally
bound fluoride uptake in three
successive layers of 30 μm each

Values with same superscript
capital letter in one column and
same superscript small letter in
one row were not significantly
different

Group μg cm−3

1st layer/30 μm depth 2nd layer/60 μm depth 3rd layer/90 μm depth

A (1.25%) 4589±1107A,a 964±281A,b 645±166A,c

B (0.62%) 3022±752B,a 721±203B,b 498±127B,c

C (0.31%) 1178±497C,a 533±147C,b 387±77C,c

D (0.15%) 557±123D,a 407±63D,b 304±45D,c

E (baseline content) 222±39E,a 218±35E,a 212±43E,a
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Discussion

In this study bovine enamel specimens were used to deter-
mine the effect of a fluoridation agent on enamel fluoride
uptake and microhardness. Several authors have used bo-
vine enamel to evaluatemineral changes and fluoride uptake
of enamel and demineralisation behaviour [3, 6], because its
chemical composition is similar to that of human enamel [9,
30]. Although in-vitro caries experiments revealed a three-
fold faster rate of lesion progression in bovine compared
with human enamel [14], bovine enamel is a suitable sub-
stitute for assessing mineral changes and fluoridation behav-
iour in dental enamel [23]. Demineralisation of the samples
was performed according to the method of Ruben et al. [29]
and Amaechi et al. [1], who showed that demineralisation
with acidified hydroxyethylcellulose gel leads to superficial
mineral loss with formation of a lesion body beneath, there-
by closely resembling an initial carious lesion. However, ex-
posure to acidified hydroxyethylcellulose for only three days
might produce caries-like lesions but also only a softened or
demineralised enamel surface without the formation of a
subsurface lesion and a surface layer [1]. However, micro-
hardness alterations are directly associated with mineral
changes in superficial layers [15]. Kielbassa et al. [20] found a
clear relationship between microhardness and the mineral con-
tent of in-situ-induced enamel lesions.

Consequently, in the present study microhardness de-
termination was performed to evaluate the capacity of
fluoride regimes to reharden demineralised enamel and to
prevent further demineralisation, as has also been per-
formed in other recent studies [10, 26].

For caries prevention it seems important to obtain suf-
ficient amounts of KOH-soluble fluoride which appear as a
calcium fluoride-like layer with fluoride adsorbed on to apa-
tite crystallites [2, 8, 24]. Increased time of exposure, in-
creased concentration, low pH, pre-treatment with calcium
or the presence of free calcium will also effectively con-
tribute to increasing calcium fluoride deposition [28]. The
application of 0.11–1.23% APF gels on sound enamel re-
vealed a significant increase of KOH-soluble fluoride for the
1.23% fluoride gel only [11]. However, the results of the
present study showed that even the application of the low
fluoridated gel (0.15% APF gel) resulted in an increase of
KOH-soluble fluoride in demineralised enamel. Moreover,
the amount of KOH-soluble fluoride in demineralised
enamel increased with increasing fluoride concentration in
the experimental gels.

Differences between the formation of calcium fluoride-
like material on sound and demineralised enamel is related
to their different microstructure. Bruun and Givskov [4]
measured the formation of a calcium fluoride-like layer on
sound and artificial caries lesions after 1 min exposure to
2% sodium fluoride solution. Calcium fluoride precipita-
tion on caries-like lesions amounted to 30 μg F cm−2

whereas KOH-soluble fluoride on sound enamel amounted
to 1 μg F cm−2 only. The enhanced formation of calcium
fluoride-like material in early caries lesions is believed to
be because of the increased surface area available for re-
action with fluoride within the micropores of the lesion
[4]. Compared with the study of Bruun and Givskov [4]
fluoride treatment of bovine samples in the present study
resulted in larger amounts of KOH-soluble fluoride. This
might be because of the higher concentration and the
longer duration of fluoridation in the present study. Fur-
thermore, bovine enamel is known to be slightly more
porous than human enamel [13]; this may affect fluoride
accumulation.

Fluoridation with the experimental gels also resulted in
an increase of structurally bound fluoride. These observa-
tions are in agreement with data from a previous study in
which uptake of structurally bound fluoride in artificial ini-
tial enamel lesions was observed after application of 1% F−

gel or 2.3% F− varnish [17]. The results of the present study
show that this is also true for application of APF gels of
lower concentration. In demineralised enamel, the amount of
structurally bound fluoride increases with increasing con-
centration of fluoride in the gel. It has been suggested that
structurally bound fluoride reduces the acid susceptibility of
enamel and increases enamel resistance to lesion formation.
It is, therefore, assumed that fluoridated apatite also has a
limited cariostatic effect [34].

Application of experimental gels also led to concentra-
tion-related resistance of demineralised enamel against a
subsequent demineralisation. Fluoride application in all ex-
perimental groups was performed for 5 min each, thereby
simulating intraoral conditions during application of a fluo-
ride gel with a tray. Whereas Seppä [31] suggested that the
efficacy of fluoride varnish was not proportional to the fluo-
ride concentration but rather to the number of applications
on presoftened enamel, our findings showed that protection
from enamel microhardness loss due to a demineralisation
depends on fluoride concentration of the gel applied. Al-
though the experimental gels differed in their ability to pre-
vent further demineralisation during the second carious-like

Table 3 Mean value and standard deviation of microhardness of the enamel specimens in the experimental groups at baseline, after a first
demineralisation, after fluoridation with the respective fluoride gel, and finally after a second demineralisation

Group Vickers microhardness

Baseline After 1st carious attack After fluoridation After 2nd carious attack

A (1.25%) 380±12A 156±15A 193±8A 167±8A

B (0.62%) 374±14A 152±10A 194±8A 137±12B

C (0.31%) 362±17A 160±16A 189±14A 127±14C

D (0.15%) 352±21A 144±10A 167±21A 99±12D

Values with same superscript capital letter in one column were not significantly different
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attack, microhardness determination revealed no difference
in their potential to reharden the softened enamel surface
after the first demineralisation. However, the gels were
neither able to reharden the demineralised enamel surface
completely nor to prevent lesion progression.

To minimize the toxicological risk of ingestion of fluo-
ride gel fractions during application, 0.62 and 0.32% APF
gels may be utilized for caries prevention in children, even
though caries-preventive effects are not as high as after
treatment with 1.25% APF gel. Further investigations are
necessary to analyse the caries-preventive effects of APF
gels of different concentration on deciduous enamel.

However, clinical studies are recommended to evaluate
whether the results of this in-vitro study are also confirmed
in vivo.

Conclusion

This study shows that application of differently concen-
trated acidulated sodium fluoride gels resulted in concen-
tration-dependent fluoride uptake by demineralised enamel
which was highest for the 1.25% gel and lowest for the
0.15% gel. Also, the ability to protect demineralised
enamel against subsequent demineralisation increased with
increasing concentration of the applied gels.
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