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A B S T R A C T

Objectives: Investigate the timing of stannous (SnF2) and sodium fluoride (NaF) application with and
without salivary pellicle to prevent enamel erosion.
Methods: Human buccal molar enamel samples (n = 120, REC ref 12/LO/1836) were randomly assigned to
three groups testing SnF2 and NaF basic fluoride formulation and commercial mouthrinses with and
without the presence of human saliva. Samples were randomly allocated to 2 subgroups: immersion in
either fluoride for 1 min either before or after citric acid immersion (0.3%, pH 3.2, 10 min), and the cycle
repeated 5 times. For human saliva group, samples were immersed in 80 ml of natural saliva for 24 h prior
to the experiment. Analysis was done using non-contacting profilometry and microhardness change.
Data were not normal and were log transformed. A linear model tested statistical differences between the
groups.
Results: SnF2 application before erosion statistically reduced step height compared to application after
erosion for all groups (solutions: 6.5 mm (�1.2), 7.5 mm (�0.8); p = 0.01, mouthrinses: 3.2 mm (�0.6),
4.2 mm (�0.7); p < 0.0001, mouthrinses with saliva: 2.5 mm (�0.4), 3.1 mm (�0.6); p = 0.002, before and
after respectively). In contrast, application of NaF before erosion increased step height compared to
application after, but this was only statistically significant for the saliva group (before: 5.6 mm (�0.3) and
after: 4.9 mm (�0.3); p = 0.023). Presence of saliva increased microhardness change (p < 0.0001). Within
this group, greatest microhardness change was observed when SnF2 was applied before erosion and
when NaF was applied after erosion (SnF2: 156.6KHN (�32.8), 123KHN (�20.1); p = 0.02. NaF: 119.5KHN
(�33.5), 218KHN (�24.9), before, and after respectively).
Conclusion: SnF2 reduced step height formation overall when compared to NaF, but particularly when
applied before citric acid immersion. In contrast, NaF reduced step height when applied after citric acid
immersion, but only in the presence of saliva.
Clinical significance: Stannous fluoride can be recommended over sodium fluoride to patients at risk of
dental erosion and is optimally applied before erosion occurs. If sodium fluoride is to be used in the
presence of saliva it is optimally applied after erosion has occurred.
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1. Introduction

Tooth wear is a multifactorial condition consisting of erosion,
abrasion and attrition and is common to many European adults [1].
Dental erosion is a condition of growing concern in the dental
community and there is debate over the optimal timing of oral
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hygiene procedures in relation to an erosive challenge. After an
erosive challenge, the softened enamel may be more susceptible to
mechanical abrasion, such as, toothbrushing [2]. Based on previous
laboratory and clinical studies some authors have recommended
not to brush for at least one hour after an erosive challenge [3–5].
However more recently, other authors have demonstrated that
eroded enamel showed no increased abrasion resistance even after
a 2-4 hour remineralisation period [6,7]. Fluoride, applied as a
mouthrinse either before [8] or after [9] an erosive challenge has
been shown to protect enamel without an abrasive element.
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The two interpretations on the role of fluoride in erosion are
surface protection or remineralisation of erosive lesions [10]. Two
theories on surface protection are the presence of fluoride deposits
on the dental surfaces and incorporation of the fluoride ion into the
hydroxyapatite structure [11]. The concept of remineralisation in
erosion is not universally accepted and is partly based on the caries
process where the lost surface minerals are replaced by the
fluoride ions [12].

The stannous ion shows promising results in the prevention of
dental erosion, either combined with fluoride or in the form of
other stannous salts [13]. Interestingly, there are indications that
deposits of the stannous ion are more stable on dental surfaces
than sodium fluoride deposits when facing an erosive challenge
[14].

Both stannous and sodium fluorides have shown to be
protective against an erosive challenge albeit under different
conditions [9,15]. The properties of different fluoride compounds
indicate they may react differently depending on the condition of
the enamel and the environment (neutral or acidic) into which it is
placed.

In vivo, tooth surfaces are covered with an acquired salivary
pellicle which helps to protect enamel from tooth erosion [16]. The
pellicle acts as a diffusion barrier aiding the protection against
demineralisation [17]. Due to its high protein and mineral content
saliva can increase mineralisation of demineralised enamel if the
matrix is still intact [18]. Salivary pellicle can also alter the efficacy
of products making them more effective [19,20].

In vitro studies provide the opportunity for highly controlled
conditions to study individual risk factors or novel compounds
on erosion to better understand their role. The aim of this
study was to investigate the timing of application of fluoride in
relation to the erosive challenge. The second aim was to
investigate under laboratory conditions the application of
sodium and stannous fluoride as a pure solution, a commercial
mouth rinse or in the presence of a salivary pellicle. The first null
hypotheses proposed that altering the timing of application of
different fluorides to enamel would not affect enamel erosion.
The second null hypothesis proposed that enamel erosion is
not influenced by sodium and stannous fluoride applied as a
solution or as a commercial mouthrinse with and without the
presence of saliva.
Fig. 1. Random alloca
2. Materials and methods

Enamel from previously extracted, caries free teeth were
sectioned, using a circular saw (Isomet 1000 with an Extex
diamond waffering blade; Buehler, Coventry, UK) at a speed of
300 rpm with a force of 150 g, from the buccal surfaces of molar
teeth to produce 120 sound enamel specimens. The sectioned
enamel specimens were placed into a custom-made silicone mould
(specimen size 8 � 21.5 � 24 mm) and embedded in cold cure
acrylic resin (Oracryl; Bracon, East Sussex, UK). Specimens were
then polished (Metaserv 3000 variable speed grinder-polisher;
Buehler, Coventry, UK) using the Federation of European Producers
of Abrasives (FEPA) standard silicon carbide sandpaper, starting at
80 grit, followed by the 180, 600, 1200, 2400 and 4000 grit.
Following polishing, specimens were immersed in 80 ml of
deionised water and ultrasonicated (GP-70; Nusonics, Lakewood,
US) at 60 Hz for 15 min, after which they were rinsed and allowed
to dry. Adhesive tape was placed on the enamel surface to create a
window approximately 1 mm � 3 mm wide for two reference
areas. Specimens were stored in dry conditions prior to the erosive
cycling except for the saliva experiment.

Citric acid (99%; Sigma Aldrich, Haverhill, UK) at 0.3% adjusted
to pH 3.2 with sodium hydroxide was used as the erosive solution.
Sodium fluoride (99%: Alfa Aesar, Lancashire, UK) and stannous
fluoride (99%; Sigma–Aldrich, Haverhill UK) solutions were diluted
with deionised water to create 225 ppm concentration of fluoride
at pH 6 and 4 respectively. Commercial sodium and stannous
fluoride mouth rinses were used at a 225 ppm concentration
(Fluoriguard, alcohol free, sodium fluoride 0.05% w/w 225 ppm;
Colgate, Surrey, UK, (pH 6) and Periomed alcohol free, stannous
fluoride 0.63% w/w, fluoride 0.12% w/w; 3 M ESPE, Minnesota, US,
diluted in deionised water to produce a 225 ppm fluoride
concentration solution (pH 3.8)). Acid and fluoride solutions were
freshly made each day. Stimulated human saliva was collected
from healthy volunteers and was obtained after an absence of food
or drink for 1 h prior to donation. Volunteers were asked to chew
flavourless paraffin wax for 5 min while the saliva was collected in
a 20 ml polypropylene tube. The samples were immediately frozen
at -80 �C within 15 min of collection. Prior to use in the
experimental cycling, the saliva was fully defrosted at room
temperature and then pooled.
tion of samples.
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The enamel specimens (n = 120) were randomly divided into
three groups for allocation to the pure solutions (n = 40),
commercial mouthrinses (n = 40) or commercial mouthrinses in
saliva (n = 40) groups. Within each of the three groups, the
specimens were further divided into two groups for immersion in
sodium fluoride (n = 20) or stannous fluoride (n = 20). Furthermore,
each group were then again divided into those when the fluoride
was applied prior to the citric acid (n = 10) and those that were
applied afterwards (n = 10) as shown in Fig. 1.

One cycle consisted of immersing the specimens in 80 ml of
citric acid, agitating with an orbital shaker (Stuart Orbital Shaker
SS1; Bibby Scientific Limited, Staffordshire, UK) at 60 rpm for
10 min, following which the specimens were rinsed in 100 ml of
deionised water, again, under agitation with an orbital shaker set at
60 rpm for a final 2 min. The specimens were then placed in 80 ml
of the respective fluoride solution and agitated with the orbital
shaker at 60 rpm for 1 min. Specimens were rinsed and placed in
100 ml of deionised water and left, unstirred, for 30 min. This cycle
was carried out five times. Where the fluoride was to be applied
first, the enamel specimens were immersed in fluoride solution,
using the same procedure described above and thereafter
immersed in acid and the process repeated another four times.

To assess the impact of saliva, the specimens in the saliva group
(n = 40) were placed in 80 ml of natural saliva, un-agitated for 24 h
and stored overnight. The specimens were then rinsed prior to acid
cycling and the fluoride was applied either before or after the acid
immersion as previously described. For this group, samples were
placed in 100 ml of natural saliva for 30 min instead of deionised
water between erosive challenges.

Specimens were air-dried for 24 h after which the tape was
removed and profilometric measurement and microhardness data
were obtained. Profiles were measured using a white light non-
contacting laser profilometer with a spotsize of 7 mm and a
resolution of 0.01 mm (XYRIS 2000; Taicaan, Southampton, UK)
with a single line mid-point step height calculated with Boddies
software (Taicaan, Southampton, UK). Knoop microhardness
Fig. 2. Mean step hight (mm) 
(Duramin-1/-2; Struers, Catcliffe, UK) was performed at a press
load of 981.2 mN and a press time of 10 s. Each specimen had 3
indentations taken 100 mm apart on the worn area and on the
reference area. Knoop microhardness was calculated manually
using the Duramin software (Struers, Catcliffe, UK) and the Knoop
microhardness change (KHC) calculated by subtracting the average
of the worn and reference areas for each specimen. There were no
missing values in the data set. Data were analysed using SPSS
version 22 software (IBM SPSS Statistics for Windows, Version
22.0; IBM Corp, New York, US). Data was checked for normality
using Shapiro-Wilks test and visually using histograms, Q-Q plots
and box plots. Both the step height and microhardness data were
were right-skewed. Original data were transformed by log10 to
fulfill the normality assumption. Further analysis were carried out
on the transformed data. A linear model was used to test the effects
of the solution used, fluoride used and the timing of application. If
the interaction effect was significant, then further post hoc analysis
were carried out to test which combination order and material was
statistically significant. A power calculation based on ANOVA and
comparing the mean step height loss between different groups,
solutions and orders showed that a sample size of 118 yielding 80%
power at 5% level would give an effect size of 0.31 using two tailed
test using Gpower ver 3.1.5.

3. Results

Figs. 2 and 3 show the mean step height formation and mean
Knoop microhardness change with standard deviations for the
fluoride solutions, commercial mouthrinses and commercial
mouthrinses in saliva experiments respectively.

3.1. Step height data

For all groups, stannous fluoride produced statistically lower
step heights than sodium fluoride (p < 0.0001) independent of
order of application or the type of solution being used.
with standard deviations.



Fig. 3. Knoop microhardness change KHN with standard deviations.

S. O’Toole et al. / Journal of Dentistry 43 (2015) 1498–1503 1501
Pure fluoride solutions produced the greatest mean step
heights. Commercial mouthrinses statistically reduced mean step
height formation (p < 0.0001) and the addition of saliva to the
commercial mouthrinses further statistically reduced step height
formation (p < 0.0001).

For all groups, stannous fluoride produced statistically lower
step heights when applied before citric acid immersion compared
to after (pure fluoride solutions (p = 0.01), commercial mouthrinses
with and without saliva (p = 0.002 and p < 0.0001 respectively). In
contrast, sodium fluoride produced lower step heights when
applied after citric acid immersion although this was only
significant for commercial mouthrinses in saliva (p = 0.023).

3.2. Microhardness data

Within the pure solution group, the only statistical difference
observed was a decreased microhardness change when sodium
fluoride was applied before citric acid immersion compared to
after (p = 0.006). There were no statistical differences with respect
to microhardness change in the commercial mouthrinse group.
When saliva was added to the commercial mouthrinses an overall
increase in microhardness change was observed (p < 0.0001).
Within this group, a statistically greater microhardness change was
observed when stannous fluoride was applied before citric acid
immersion (p = 0.02) and when sodium fluoride was applied after
citric acid immersion (p < 0.0001).

Microhardness data were statistically different for all stannous
fluoride solutions (p < 0.05). For sodium fluoride solutions,
microhardness changes were statistically different only when
saliva was present (p < 0.0001).

4. Discussion

The timing of application of fluoride had a significant effect on
step height formation and microhardness for both stannous and
sodium fluoride and therefore the first null hypothesis was rejected.
The second null hypothesis was also rejected as significant
differences were found in the step height and microhardness change
when the fluorides were applied as pure solutions and commercial
mouthrinses with and without the presence of saliva.

Overall, stannous fluoride produced statistically lower mean
step heights compared to sodium fluoride and this finding
supports the work of other authors [21–25]. Stannous fluoride
resulted in statistically reduced step height formation when
applied before the erosive challenge for all groups. To the author's
knowledge, this is the first study to investigate the timing of
stannous fluoride application in relation to an erosive challenge.
SnF2 deposits have been reported to be more acid resistant than
CaF2 deposits [14] which may explain the improved surface
protection when applied before an erosive challenge. The stannous
ion also has the same valency as the calcium ion and, when
incorporated into demineralised enamel, has been shown to be less
acid-soluble [36]. Stannous fluoride formulations are acidic as
stannous fluoride is not stable at neutral solutions [26]. This mildly
acidic formulation may allow for incorporation of stannous and
fluoride ions into the hydroxyapatite structure before an erosive
challenge.

Sodium fluoride resulted in less step height formation when
applied after an erosive challenge compared to application before,
however this was only significant when it was applied in the
presence of saliva (p = 0.023). Sodium fluoride is well established in
the literature as an effective remineralisation agent for caries [27]
and has also been shown to be effective when remineralising
erosive lesions both in vitro [9] and in situ [15]. The fluoride
remineralisation process observed in caries is different to erosion
as the lesions are diffuse and open to the oral environment. Any
remineralisation that can occur is restricted to demineralised
enamel layer [12]. This data would suggest that sodium fluoride
has a role in the protection against dental erosion, particularly
when applied after an erosive challenge. Saliva enhanced the
action of sodium fluoride and this result supports data reported in
other in situ studies [20,28]. Under these laboratory conditions,
stannous fluoride still protected against erosion is the absence of
saliva.
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The primary measurement for the outcome of this experiment
was non-contacting laser profilometry which is an internationally
accepted reliable method of surface profile loss due to erosion
[29–31]. We performed an erosive challenge on the enamel
specimens in order to obtain a measurable and reliable step
height and to simulate severe erosive conditions to test the
fluorides. Consequently, at this level of erosion, microhardness
readings are not as reliable. There will always be a conflict
between accurate profilometry and microhardness. However,
under the conditions of this model, surface softening was
detected by the microhardness measurement and supports the
concept that the erosive process involves surface softening with
tissue loss [25,32]. The microhardness data in this experiment is
indicative of surface change rather than a measurement for the
amount of enamel lost [33,34].

The second unique finding in this study is that the introduction
of saliva created, a statistically significant greater microhardness
change which was associated with the statistically lowest step
height for each fluoride compound. This means that although
there was reduced profilometic loss the remaining structure was
softer. This interesting finding that lower step height formation
may leave behind a softer surface is worth investigating further.
This softened structure could be an advantage implying the
presence of an intact enamel matrix which may have improved
potential for remineralisation. Conversely, it has been shown that
softened enamel is more susceptible to degradation from
mechanical wear processes [6,35] and this softened structure
could result in further enamel loss. Our samples were rinsed after
each treatment so observation of the long term effect of the
combination of fluorides and saliva was outside the remit of this
experiment. Further investigation and clinical studies are needed
to answer this question.

The data suggests that stannous fluoride is more protective in
the prevention of demineralisation. It also suggests that sodium
fluoride is optimally applied when attempting to remineralise an
eroded lesion.This might explain to some degree the conflicting
data on the ideal timing for application of fluoride. Some authors
have applied it before the erosive challenge and found little to no
effect [12,26]. Whereas other authors have applied sodium fluoride
after erosion and found a protective effect [15,38]. These data
suggest, albeit in a laboratory investigation, that different fluoride
compounds work in different ways and are ideally applied at
different times in relation to the acid challenge.

5. Conclusions

The results of this study, bearing in mind the limitations of in
vitro research, suggest that sodium and stannous fluoride react
differently depending on when they are applied. In this in vitro
experiment it was observed that stannous fluoride was optimally
applied before the erosive challenge whereas sodium fluoride after.
Clinically, a different approach may be needed as to how
toothpastes are used by patients with erosion. The additional
components in the commercial mouth rinses appear to increase
the efficacy of the fluorides and this should be taken into
consideration when interpreting the results of in vitro studies.
The presence of the salivary pellicle added further protection and
this was particularly relevant for sodium fluoride. This work does
show differences between different fluoride compounds and
application time and can provide the bases for in situ studies to
further understand this complex problem.
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