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Abstract

The mechanistic action of fluoride on inhibition of enamel
demineralization was investigated using '°F magic angle
spinning nuclear magnetic resonance (MAS-NMR). The aim
of this study was to monitor the fluoride-mineral phase
formed on the enamel as a function of the concentration of
fluoride ions [F7] in the demineralizing medium. The second-
ary aim was to investigate fluorapatite formation on enamel
in the mechanism of fluoride anti-caries efficacy. Enamel
blocks were immersed into demineralization solutions of
0.1 M acetic acid (pH 4) with increasing concentrations of
fluoride up to 2,262 ppm. At and below 45 ppm [F] in the
solution, '°F MAS-NMR showed fluoride-substituted apatite
formation,and above 45 ppm, calcium fluoride (CaF,) formed
in increasing proportions. Further increases in [F] caused no
further reduction in demineralization, butincreased the pro-
portion of CaF, formed. Additionally, the combined effect of
strontium and fluoride on enamel demineralization was also

investigated using '°F MAS-NMR. The presence of 43 ppm
[Sr**] in addition to 45 ppm [F] increases the fraction of
fluoride-substituted apatite, but delays formation of CaF,
when compared to the demineralization of enamel in fluo-
ride-only solution. Copyright © 2013 S. Karger AG, Basel

Topical applications of fluoride (e.g. fluoride tooth-
pastes, gels, varnishes and mouthwashes) are considered
a more effective measure for caries prevention than sys-
temic use of fluorides [Ripa, 1991]. Fluoride incorporated
into the enamel apatite structure has been shown to en-
hance the resistance of the tooth to acidic challenges and
thus reduce lesion development [ten Cate and Feather-
stone, 1991; Takagi et al., 2000]. In addition, the anti-car-
ies effect of topically applied fluoride has also been attrib-
uted to calcium-fluoride-like deposits formed on dental
hard tissues, which are thought to act as a protective bar-
rier on the surface and serve as a reservoir for fluoride
[ten Cate, 1997].

Recently, there is a perception that ‘the more the bet-
ter’ and thus a number of products incorporate very high
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levels of fluoride up to 15,000 ppm F~ [Tavss et al., 1997;
Newbrun, 2010]. These products range from various den-
tifrices giving short-term fluoride exposure to fluoride-
containing gels and varnishes exhibiting longer-term
fluoride release and exposure. Tooth restorative materi-
als, in particular glass ionomer (polyalkenoate) cements,
have properties that enable relatively long periods of
fluoride release [ten Cate and van Duinen, 1995; Mitra et
al., 2011]. Given the large number of caries-preventative
dental products available containing highly variable fluo-
ride concentrations, it is perhaps surprising that few ex-
perimental studies have been undertaken to establish the
effects of increasing fluoride concentration on the result-
ing mineral phases formed on enamel.

In this study, a less common approach was undertaken
using '°F magic angle spinning nuclear magnetic reso-
nance (MAS-NMR) to characterize the solid phase precip-
itated on enamel as a function of fluoride concentration
used during exposure to an in vitro demineralization sys-
tem. "’F MAS-NMR has been previously used to character-
ize fluoride-hydroxyapatite interactions. Yesinowski and
Mobley [1983] demonstrated the ability of this technique
to distinguish between fluorapatite (Ca;o(PO,)¢F,, FAp),
fluorohydroxyapatite (Ca;o(POg4)s(OH),<Fx, FHAp) and
calcium fluoride (CaF,) both in the bulk phase and on hy-
droxyapatite surfaces. Advantages of ’F MAS-NMR are
the following: (1) It selectively probes the local environ-
ment of only the fluorine atoms in the sample, permitting
direct identification of the possible structural forms in
which F~ may exist within the enamel. (2) It detects all
fluorine present, whether crystalline, amorphous or ad-
sorbed. The range of '°F chemical shifts and the sensitivity
of F chemical shifts to the local fluorine environment are
extremely high. (3) It can measure very low concentrations
of fluoride in the order of 0.1%. Fluorine-19 is a spin 1/2
nucleus and at 100% natural abundance, all F atoms in a
sample can be detected [White et al., 1988].

Although the potential of ’F MAS-NMR as a spectro-
scopic tool for studying the fluoridation of apatitic sur-
faces was recognized over two decades ago, there have
been few studies applying this technique to determine
fluoride-enamel interactions in dental research. A reason
for this could be that a specialized fluorine-free MAS-
NMR probe is required as fluorine present in the probe
introduces additional signals into the spectra, potentially
disguising any fluorine-19 signals generated from the
sample. Such probes are not widely accessible [Brauer et
al., 2009].

White et al. [1988] first addressed the reaction prod-
ucts formed on powdered dental enamel (thus increasing
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surface area for reaction) under conditions of mineral
fluoridation at neutral pH in 1988, and later studied these
effects using high-resolution NMR [White et al., 1994].
They reported a peak which was ascribed to ‘non-specif-
ically adsorbed fluoride’ that was suggested to be fluoride
which is hydrogen-bonded to the phosphate protons on
the apatite surface. Furthermore, a relatively small peak
for FHAp was reported, although no peak for CaF, was
observed.

The aim of the present study was to use ’F MAS-NMR
to investigate the effects of varying fluoride concentrations
(0.45-2,262 ppm [F]), used typically in topical applica-
tions, on the fluoride-enamel interactions under acidic
conditions using bulk enamel blocks rather than powder.
This method mimics the oral environment more closely as
the changes occurring in the enamel are limit-ed to the
interactions at the natural enamel surface with fluoride.
The F MAS-NMR results were corroborated by measur-
ing the calcium and phosphorus ions released from the
enamel during these reactions using inductively coupled
plasma optical emission spectroscopy (ICP-OES) and by
measuring the changes in weight of the enamel blocks.

Further, the synergistic action of fluoride and stron-
tium on enhancing enamel remineralization has been re-
ported [Thuy et al., 2008]. When incorporated together
in synthetic carbonated apatites, fluoride and strontium
improved apatite crystallinity and reduced acid reactivity
[Featherstone et al., 1983]. In the present study, the com-
bined effects on the resulting mineral phases formed on
enamel of both ions (~45 ppm of [F~] and [Sr**] respec-
tively) present in a demineralizing solution were investi-
gated using '°F MAS-NMR.

Materials and Methods

Preparation of Human Enamel Blocks

Caries-free permanent molars were used (with approval from
Queen Mary Research Ethics Committee QMREC 2011/99) to cut
enamel blocks (~5 x 5 mm) with a maximum thickness of ~1 mm
using an annular diamond blade (Microslice 2, Malvern Instru-
ments, UK). The location of cut in each tooth was recorded. The
linear dimensions and weight of each block were also recorded.

Demineralization of Specimens — Fluoride

A series of F -containing demineralizing solutions were pre-
pared from analytical grade reagents. A 10-liter batch of deminer-
alizing solution of 0.1 M acetic acid buffered with NaOH to pH 4.0
was prepared with deionized water and subsequently divided into
1-liter stock reservoirs. NaF was added to the stock solutions to
prepare concentrations containing 0, 0.45, 7, 11, 29, 45, 136, 452,
656, 1,357 and 2,262 ppm [F ], selected to include concentrations
of topically available fluoride.
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Demineralization of Specimens — Strontium

Further, the simultaneous effects of strontium and fluoride
ions were investigated at 45 ppm [F~] and 43 ppm [Sr?*]. Sr(Ac),
was used to prepare a Sr’*-containing solution.

Mineral Weight Loss

Each enamel block was placed in a container with 50 ml of de-
mineralizing solution at 37°C in a shaking incubator (KS 4000i
control, IKA, UK) at 60 rpm for 24 h. Subsequently, each sample
was immersed in 50 ml of a F~-containing demineralizing solution
at 37°C for 96 h. Samples were dried and weighed using a balance
accurate to £0.0001 g (Mettler HK, Switzerland) before and after
immersion to calculate the percent mineral weight loss of each
sample after 96 h.

PF MAS-NMR

Each sample was dried and ground to a fine powder for solid-
state '’F MAS-NMR analysis. ’F MAS-NMR was carried out using
a 600 MHz (14.1 T) spectrometer (Bruker, Germany) at a Larmor
frequency of 564.5 MHz under spinning conditions of 15 kHz in a
2.5 mm rotor. The spectra were acquired using a low-fluorine
background probe in a single-pulse experiment of 30 s recycle
duration. The F chemical shift scale was referenced using the
-120 ppm peak of 1 M NaF solution, with a secondary reference of
CECl;. Typically spectra were acquired for 10-24 h depending on
the fluoride level and are an accumulation of between 600 and
1,440 scans.

ICP-OES

After reaction with enamel, the fluoride-containing demineral-
izing solutions were diluted by a factor of 1:20 to lower the back-
ground Na levels (for analysis of phosphorus and calcium), with
an acidification of 1% (0.1 ml of 69% nitric acid in 10 ml) and
quantitatively analyzed by ICP-OES (ICP; Varian Vista-PRO, Var-
ian Ltd., Oxford, UK). Each measurement was replicated. Calibra-
tion solutions were demineralizing solutions (0.1 M acetic acid, pH
4.0) with the same ionic strength as a sample reaction solution, but
diluted by a factor of 1:20 and also with an acidification of 1% us-
ing 69% nitric acid. Calcium and phosphorus standards were used
in the concentration range 0.1-10 ppm. The instrumentation error
was determined by repeated measurements of 1.0 ppm calcium-
and 1.0 ppm phosphorus-containing standard solutions.

Results

®F MAS-NMR

Figure 1 shows a series of ’F MAS-NMR spectra of
the enamel demineralized in the presence of a range
of [F7]. YF MAS-NMR spectra obtained for the enamel
section exposed to no F~ exhibited a flat baseline with no
detectable fluoride present. The FAp reference spectra
showed a characteristic peak at -102 ppm correspond-
ing to the triangles F-Ca(3) in the apatite structure,
whilst the CaF, reference showed a characteristic peak
at —-108 ppm corresponding to the F-Ca(4) site. For the
samples demineralized in the presence of F-, F chem-

Effects of [F7] on Enamel
Demineralization
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Fig. 1. ’F MAS-NMR spectra of enamel samples immersed in in-
creasing concentrations of fluoride in the demineralizing solutions
for 96 h. a Control enamel block not exposed to fluoride. b FAp
reference. ¢ Enamel block in 11 ppm [F7]. d Enamel block in
45 ppm [F7]. e Enamel block in 136 ppm [F~]. f Enamel block in
452 ppm [F7]. g Enamel block in 656 ppm [F~]. h Enamel block in
1,357 ppm [F~].i Enamel block in 2,262 ppm [F]. j CaF, reference.
Asterisks mark spinning side bands.
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Fig. 2. ’F MAS-NMR spectra of enamel blocks immersed in
45 ppm of fluoride for 96 h. a Without presence of strontium.
b With an additional 43 ppm of Sr** (recycle delay 5 s) showing
decrease in CaF, at -108 ppm. Asterisks mark spinning side bands.

ical shifts were identified by comparison with reference
spectra, and formation of fluoride-substituted apatite
(Cao(PO4)sF, «(OH)y, Fi-HAp) and CaF, was observed
from the peaks. Signals from both the F-HAp and CaF,
environment are clearly observed in approximately equal
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Fig. 4. Percent enamel weight loss/mm? of samples with increasing
20 [F7]. The dashed line shows the percent enamel weight loss/mm?
1.8 A under control conditions. The error bars show the instrumenta-
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o
s 144 4 A
ERPH
£ 1' 0 Table 1. Percent enamel weight loss/mm? of samples and calcium
g7 and phosphorus ion release with increasing [F]
o 08+
5 0.6 [F] (ppm) % weightloss [Ca] (ppm) [P] (ppm) Ca/P -log(Tc,xTp)
S 0.4
v 0.00 41.0+£0.5 90.5+11.2 54.3+0.82 129 54
02+ Lo 045 31.9+03  1168+144 675+1.02 134 52
0 - 4 4l 6.79 15.0+0.8 354+4.38 21.3+0.32 1.29 6.2
‘ ‘ ‘ ‘ ! 1131 16.2+0.2 58.4+722 37.9+057 1.19 57
01 1 10 100 1000 10,000 2941 9.6+0.2 323+4.00 18.4+028 136 6.3
b (1, ppm 4525 122403 25.343.13 1694025 1.16 6.5
135.74 10.6£0.1 59+0.73 26.6+0.40 0.17 6.9
452.47 8.9+0.5 2.1£0.26 129%+0.19 0.13 7.7
Fig. 3. a ICP measurements of the calcium and phosphorus de- 656.09 14.4+0.4 1.8£0.22 22.0+0.33 0.06 7.5
tected in reaction solutions containing increasing [F~]. A = Phos-  1,357.42 9.0+0.2 204024 26.7+0.40 0.06 7.4
phorusions; A = calcium ions. The dashed lines show the calcium ~ 2,262.37  16.1£0.3 3.8£047 28.7+£0.43 0.10 7.1

and phosphorus in solutions under control conditions. The error
bars show the instrumentation error. b Ca/P ion ratio in the solu-
tion as a function of [F~]. The dashed line shows the Ca/P ion ratio
under control conditions.

proportions in the spectrum of the 45 ppm [F~] solution.
At [F7] above 45 ppm, less Fi-HAp forms and instead
there is an increased CaF, signal. For [F~] above 136 ppm,
the spectra are nearly identical and demonstrate mostly a
CaF,-like environment.

Figure 2 demonstrates the effect of F~ (45 ppm) de-
mineralizing solution with additional strontium ions Sr**
(43 ppm). The CaF, signal is clearly decreased in the pres-
ence of both Sr** and F~ compared to that from the enam-
el exposed to 45 ppm [F~] only solution.
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The -log(T¢,xTp) was calculated from the molar concentration of cal-
cium and phosphorus in solutions and substitutes for a solubility of biomin-
eral.

ICP-OES

Figure 3a shows the Ca?* and PO,*" released into the
reaction solution following demineralization of enamel
samples. The Ca’* and PO,*" released into the deminer-
alizing solutions decreased markedly as the [F"] increased
from 0 to 45 ppm. Further, the PO,* release was lower
than the Ca®" release. Above 100 ppm [F~], there was
substantially lower Ca®* release. Above 452 ppm [F~], no
further decrease in Ca2* release was detected, however
PO,*> release increased as the F~ in the demineraliz-
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ing solution increased in the range 136-2,262 ppm. Fig-
ure 3b shows the Ca/P ratio calculated from the ion re-
lease data.

Mineral Weight Loss

Mineral loss was measured by comparing the weight
loss per unit area of enamel samples before and after im-
mersion into demineralizing solutions. Figure 4 and
table 1 show that for the control sample with no addi-
tional F~ there is a weight loss of 0.74%/mm?. However,
the addition of 0.45 ppm [F~] reduced mineral loss to
0.47%/mm?. For the solution with 11 ppm [F~], deminer-
alization further decreased down to 0.15%/mm? and did
not change substantially up until 452 ppm [F~]. However,
the percent mineral weight loss increased above 136 ppm
(F].

Discussion

The F MAS-NMR spectra (fig. 1) show the formation
of CaF, and F,-HAp as the main chemical species formed
on the enamel samples that were demineralized with
the addition of varying fluoride concentrations. Below
45 ppm [F ], fluoride is predominantly present as F,-HAp
with smaller amounts of CaF, present. At 136 ppm [F]
and above, CaF, is the predominant phase. Larsen and
Jensen [1994] reported that in solutions saturated with
enamel apatite, CaF, formation was initiated with as little
as 100 ppm [F~] present in the solution at low pH condi-
tions, in agreement with this study. The spectra are iden-
tical for all concentrations of fluoride above 136 ppm,
demonstrating a CaF,-like environment. Deconvolution
of the spectra showed that there may be a variety of
Fs-HAp phases present and further work is required to
support this. In the present study the type of F--HAp
could not be identified.

Previous 'F MAS-NMR studies [White et al., 1988]
reported the formation of F,-HAp in powdered enamel at
neutral pH and another signal ascribed as a ‘non-specifi-
cally adsorbed fluoride’ in the presence of fluoride. Note
that the formation of CaF, was not observed. Their use of
powdered enamel increased the surface area, which al-
lows for greater ionic interactions between fluoride and
apatite, whereas in the present study bulk enamel sam-
ples were used, subjected to longer equilibration periods
(96 h) and under demineralizing conditions (pH 4). This
could explain why CaF, precipitation was observed in this
study with increasing [F~].

Effects of [F7] on Enamel
Demineralization

ICP-OES analysis showed a decrease in PO,* and
Ca®* release with increasing [F7] in the demineralizing
solution (fig. 3a). Above 45 ppm, Ca** release was lower
than PO,*" release. At lower [F~] (<45 ppm) (fig. 3b), the
Ca/P ratio decreased from 1.8 to 1.4, suggesting incon-
gruent dissolution of the mineral. However, at [F~] above
45 ppm, this ratio decreases sharply to below 0.2, which
is due to calcium being used to form CaF,. A decrease in
demineralization rate was also seen from the weight loss
data with increasing [F~] (fig. 4). In the present study,
[F~] above 136 ppm did not substantially decrease demin-
eralization further, and in fact a slight increase in demin-
eralization was observed. This change in behavior is con-
sistent with the ICP-OES data which show an increase in
PO,*" released for [F~] of 136 ppm and above (fig. 3a).
This suggests that at higher [F], there is preferential re-
lease of phosphate from the apatite structure, i.e. a slight
increase in the rate of enamel demineralization. The 1°F
MAS-NMR spectra show that CaF, is formed in greater
proportions relative to FAp with >45 ppm [F~] in the de-
mineralizing solutions, but does not alter significantly
with further increases in [F~]. ICP-OES shows a reduction
in Ca®* release into the solution with increasing [F] due
to CaF, formation. As the Ca?* released into the solution
decreases due to the precipitation of CaF,, PO, is unable
to react to form apatite and is therefore released into the
solution.

Previous studies have reported that the formation of
CaF, may exhibit anti-caries effects by forming a physical
barrier on the enamel surface, thereby slowing the demin-
eralization process, as well as serving as a reservoir for
fluoride [Saxegaard and Rolla, 1988; Ganss et al., 2007].
However, the ’F MAS-NMR, ICP-OES and weight loss
results of this study demonstrate that the formation of
CaF, is potentially detrimental to the structural integrity
of enamel as its formation reduces the available Ca?* re-
quired for remineralization of apatite. This in turn causes
loss of PO4*", thereby decreasing the mineral content in
the tooth. The present findings suggest that the formation
of a fluoridated-apatite phase is favorable as this retains
the apatitic structure lowering enamel solubility [Feath-
erstone, 1999].

In this study, the ICP-OES and weight loss data (fig. 3a,
4) showed that dissolution of enamel was increasingly in-
hibited up until 136 ppm of [F~], above which little fur-
ther inhibition of demineralization was observed, and the
YF MAS-NMR data showed that CaF, was the predomi-
nant species formed. This suggests that any benefit asso-
ciated with the formation of CaF, at [F] >136 ppm is
offset by the disturbances caused to the structural integ-
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rity of the enamel. Although a static rather than a cycling
model was used in this study, these conditions could
mimic salivary conditions at night after brushing with a
fluoride-containing dentifrice where the salivary flow
rate is low and therefore elevated fluoride levels may per-
sist for longer time periods. It would be interesting to per-
form a further study using a dynamic F~ cycling system,
with additional Ca** and PO,*" to more closely model in
vivo conditions.

It has been proposed that CaF, formed on dental hard
tissues, and within plaque, may act as a reservoir provid-
ing fluoride release under acidic conditions [Fischer et al.,
1995]. CaF, has a very low solubility product constant
and is relatively stable under low-pH conditions [Ogaard
et al., 1983]. However, it appears that the terminology
‘CaF,-like’ has been implemented in the literature to
overcome the point that CaF, is, in fact, not very sol-
uble. The term CaF,-like is sometimes referred to as a
phosphate-containing CaF, [Rella and Saxegaard, 1990],
which these authors suggest is more soluble than pure
CaF, and may thus release fluoride at a higher rate than
pure CaF, [Christoffersen et al., 1988]. It has also been
suggested that CaF, formed at low pH contains less inter-
nal phosphate and is therefore less soluble [Ogaard, 2001].
In the presence of salivary PO~ it is possible that a CaF,-
like material is formed in the biofilm. However Vogel et
al. [2010] reported that either CaF,-like deposits did not
form in plaque after exposure to fluoride (228 ppm F°),
or if formed they were rapidly dissolved. Therefore, it
may be that these CaF,-like materials are nanocrystals of
fluoridated apatite, which are more soluble than CaF, at
low pH. This would explain the release of fluoride from
these CaF,-like materials at low pH conditions. It has also
been suggested that phosphate-containing CaF, is formed
on enamel during the treatment of enamel with acidified
solutions of high fluoride content, which would then act
as a reservoir for fluoride at low pH [Christoffersen et al.,
1988; Rolla et al., 1993].

The 136 ppm ‘threshold’ in the present study may be
particularly relevant to the case of fluoride applied top-
ically from ‘standard’ (i.e. <1,500 ppm fluoride) denti-
frices and mouthrinses. During studies where a fluoride
mouthrinse was used, and whose concentration simulat-
ed salivary fluoride concentration during brushing with
fluoride dentifrices, Vogel and co-workers reported that
plaque fluid concentrations were more than an order of
magnitude lower than 136 ppm [e.g. Vogel et al., 2000a,
b], even following acidification and concomitant fluoride
release [Vogel et al., 2000a]. Ekstrand [1997] reported
that when 912 ppm fluoride (as both sodium fluoride and

426 Caries Res 2013;47:421-428
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sodium monofluorophosphate) mouthrinses were used,
plaque fluid fluoride concentrations did not approach
136 ppm. Thirty-minute values for all subjects were less
than 15 ppm. These authors did not report plaque fluid
fluoride concentrations immediately after the application
of fluoride, which would almost certainly have been high-
er than, for example, the 30-min values. However, these
30-min values do make it very difficult to imagine values
close to 136 ppm immediately following application. Re-
gardless, the available data suggest that for most of the
day, concentrations will be more than an order of magni-
tude lower.

Fluoride is added to various dentifrice products at
concentrations up to 15,000 ppm with the aim of reduc-
ing caries formation [Preston et al., 1999] (although con-
centration will be somewhat lower in the mouth due to
dilution effects). The current study suggests that there is
an optimum range of local fluoride concentrations for in-
hibiting enamel demineralization, and further work is re-
quired to assess its effects on enamel structure after ex-
posure to high fluoride-containing products, especially
those above 5,000 ppm.

The present study demonstrates that the addition of
fluoride produces F,-HAp as a major chemical species
only at low concentrations of fluoride. There is over-
whelming evidence that low fluoride levels found in sa-
liva can significantly reduce enamel demineralization,
and those found in plaque have the potential to reminer-
alize, even at pH values typically regarded as demineral-
izing [Fox et al.,, 1983; Lynch et al., 2006]. The potential
of enamel remineralized in the presence of fluoride to
both resist a caries challenge and to release fluoride into
the oral fluids during dissolution has been somewhat ig-
nored of late. The former effect is potentially quite impor-
tant in terms of enamel solubility [Koulourides et al.,
1980], while the latter effect may be sufficient to tip the
‘caries balance’ in their favor in low caries risk individu-
als. The speculated slow dissolution of CaF,-like deposits
is viewed as a potential ‘slow-release vehicle’ for the wide-
spread availability of fluoride in the oral fluid. FHAp may
also be an important fluoride reservoir, but previously its
importance has been considered mainly in the context of
reduced solubility when compared with HAp [Moreno et
al.,, 1974].

The presence of Sr?* and F~ both at ~45 ppm in the
demineralizing solutions causes the formation of CaF, to
be suppressed relative to the apatite phase (fig. 2). The
present findings demonstrate the potential for strontium
ions to offset or inhibit the formation of CaF,, which in
the context of this study behaves as an inhibitor of apatite
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remineralization, though this could also be explained by
the formation of a strontium fluoride precipitate. Con-
versely, there was no difference between the NMR spectra
of enamel samples demineralized at high concentrations
of both fluoride and strontium in the solutions (452 ppm)
compared to the spectra of enamel demineralized in fluo-
ride only (452 ppm) solution. The synergistic effects of
Sr** and F~ on the mechanism of enamel demineraliza-
tion have to be clarified, and further work is required to
assess whether strontium displays these effects at even
higher concentrations of both ions in the demineralizing
solutions.

In conclusion, this study confirms that the cariostat-
ic effect of fluoride is due to the formation of Fi-HAp
and CaF,, depending on the [F7] in the solution. Below
45 ppm, the F~ from the solution mostly substitutes into
the lattice of the enamel mineral as F,-HAp. At 45 ppm
[F~], nearly equal amounts of F;-HAp and CaF, phases
form, whereas above 45 ppm CaF, is the main phase

The simultaneous presence of both fluoride and stron-
tium ions may offset the formation of CaF, under higher
fluoride concentrations when compared to the presence
of fluoride alone in the demineralizing acidic medium.

Acknowledgements

The authors gratefully acknowledge the support of a Glaxo-
SmithKline and EPSRC Case PhD Studentship. They thank Dr.
Harold Toms from the School of Biological and Chemical Sciences
for technical support for the NMR experiments.

Disclosure Statement

The authors declare no potential conflicts of interest with re-
spect to the authorship and/or publication of this article.

formed on the enamel surface.

References

P Brauer DS, Karpukhina N, Law RV, Hill RG:
Structure of fluoride-containing bioactive
glasses. ] Mater Chem 2009;19:5629-5636.

P Christoffersen J, Christoffersen MR, Kibalczyc
W, Perdok WG: Kinetics of dissolution and
growth of calcium fluoride and effects of
phosphate. Acta Odontol Scand 1988;46:325—
336.

» Ekstrand J: Fluoride in plaque fluid and saliva af-
ter NaF or MFP rinses. Eur ] Oral Sci 1997;
105:478-484.

» Featherstone JDB: Prevention and reversal of
dental caries: role of low level fluoride. Com-
munity Dent Oral Epidemiol 1999;27:31-40.

» Featherstone JDB, Shields CP, Khademazad B,
Oldershaw MD: Acid reactivity of carbonated
apatites with strontium and fluoride substitu-
tions. ] Dent Res 1983;62:1049-1053.

» Fischer C, Lussi A, Hotz P: The cariostatic mech-
anisms of action of fluorides. A review.
Schweiz Monatsschr Zahnmed 1995;105:
311-317.

» Fox JL, Iyer BV, Higuchi W1, Hefferren JJ: Solu-
tion activity product (KFAP) and simultane-
ous demineralization-remineralization in bo-
vine tooth enamel and hydroxyapatite pellets.
J Pharm Sci 1983;72:1252-1255.

» Ganss C, Schlueter N, Klimek J: Retention of
KOH-soluble fluoride on enamel and dentine
under erosive conditions — a comparison of
in vitro and in situ results. Arch Oral Biol
2007;52:9-14.

Effects of [F7] on Enamel
Demineralization

P Koulourides T, Keller SE, Manson-Hing L, Lilley
V: Enhancement of fluoride effectiveness by
experimental cariogenic priming of human
enamel. Caries Res 1980;14:32-39.

» Larsen MJ, Jensen SJ: Experiments on the initia-
tion of calcium fluoride formation with refer-
ence to the solubility of dental enamel and
brushite. Arch Oral Biol 1994;39:23-27.

»Lynch RJM, Mony U, ten Cate JM: The effect of
fluoride at plaque fluid concentrations on
enamel de- and remineralisation at low pH.
Caries Res 2006;40:522-529.

» Mitra SB, Oxman JD, Falsafi A, Ton TT: Fluoride
release and recharge behavior of a nano-filled
resin-modified glass ionomer compared with
that of other fluoride releasing materials. Am
] Dent 2011;24:372-378.

P> Moreno EC, Kresak M, Zahradnik RT: Fluoridat-
ed hydroxyapatite solubility and caries for-
mation. Nature 1974;247:64-65.

P Newbrun E: What we know and do not know
about fluoride. ] Public Health Dent 2010;70:
227-233.

>Ogaard B: CaF, formation: cariostatic properties
and factors of enhancing the effect. Caries Res
2001;35(suppl 1):40-44.

’Ogaard B, Rolla G, Helgeland K: Uptake and re-
tention of alkali-soluble and alkali-insoluble
fluoride in sound enamel in vivo after mouth-
rinses with 0.05% or 0.2% NaF. Caries Res
1983;17:520-524.

» Preston AJ, Mair LH, Agalamanyi EA, Higham
SM: Fluoride release from aesthetic dental
materials. ] Oral Rehabil 1999;26:123-129.

P Ripa LW: A critique of topical fluoride methods
(dentifrices, mouthrinses, operator-applied,
and self-applied gels) in an era of decreased
caries and increased fluorosis prevalence.
Public Health Dent 1991;51:23-41.

P Rolla G, Ogaard B, Cruz Rde A: Topical applica-
tion of fluorides on teeth. New concepts of
mechanisms of interaction. ] Clin Periodon-
tol 1993;20:105-108.

»Rolla G, Saxegaard E: Critical evaluation of the
composition and use of topical fluorides, with
emphasis on the role of calcium fluoride in
caries inhibition. ] Dent Res 1990;69:780-785.

P Saxegaard E, Rolla G: Fluoride acquisition on and
in human enamel during topical application
in vitro. Scand ] Dent Res 1988;96:523-535.

’Takagi S, Liao H, Chow LC: Effect of tooth-bound
fluoride on enamel demineralization/remin-
eralization in vitro. Caries Res 2000;34:281-
288.

»Tavss EA, Bonta CY, Joziak MT, Fisher SW,
Campbell SK: High-potency sodium fluoride:
a literature review. Compend Contin Educ
Dent 1997;18:31-36.

P ten Cate JM: Review on fluoride, with special em-
phasis on calcium fluoride mechanisms in
caries prevention. Eur J Oral Sci 1997;105:
461-465.

Caries Res 2013;47:421-428

427

DOI: 10.1159/000350171

Downloaded by:

Queen Mary and Westfield Coll

138.37.72.147 - 6/12/2013 12:01:51 PM



»ten Cate JM, Featherstone JDB: Mechanistic as- >Vogel GL, Mao Y, Chow LC, Proskin HM: P»>White DJ, Bowman WD, Faller RV, Mobley MJ,

pects of the interactions between fluoride and Fluoride in plaque fluid, plaque, and saliva Wolfgang RA, Yesinowski JP: ’F MAS-NMR
dental enamel. Crit Rev Oral Biol Med 1991; measured for 2 hours after a sodium fluo- and solution chemical characterization of the
2:283-296. ride monofluorophosphate rinse. Caries Res reactions of fluoride with hydroxyapatite and

»ten Cate JM, van Duinen RN: Hypermineral- 2000a;34:404-411. powdered enamel. Acta Odontol Scand 1988;
ization of dentinal lesions adjacent to glass- »Vogel GL, Tenuta LMA, Schumacher GE, Chow 46:375-389.

ionomer cement restorations. ] Dent Res

LC: No calcium-fluoride-like deposits detect- P>White DJ, Nelson DG, Faller RV: Mode of action

1995;74:1266-1271. ed in plaque shortly after a sodium fluoride of fluoride: application of new techniques and

»Thuy TT, Nakagaki H, Kato K, Hung PA, Inukai mouthrinse. Caries Res 2010;44:108-115. test methods to the examination of the mech-
J, Tsuboi S, Nakagaki H, Hirose MN, Igarashi P»Vogel GL, Zhang Z, Chow LC, Carey CM, Schu- anism of action of topical fluoride. Adv Dent
S, Robinson C: Effect of strontium in combi- macher GE, Banting DW: Effect in vitro acid- Res 1994;8:166-174.
nation with fluoride on enamel remineraliza- ification on plaque fluid composition with P>Yesinowski JP, Mobley MJ: F-19 MAS-NMR of
tion in vitro. Arch Oral Biol 2008;53:1017- and without a NaF or a controlled-release fluoridated hydroxyapatite surfaces. ] Am
1022. fluoride rinse. ] Dent Res 2000b;79:983-990. Chem Soc 1983;105:6191-6193.

428 Caries Res 2013;47:421-428 Mohammed/Kent/Lynch/Karpukhina/

DOI: 10.1159/000350171

Hill/Anderson

Downloaded by

Queen Mary and Westfield Coll.

138.37.72.147 - 6/12/2013 12:01:51 PM



