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Abstract: Despite the latest advances in orthodontic treatment, white spot lesions remain a common
side effect of fixed appliance therapy. An effective treatment for the prevention of white spot lesions
is the use of fluoride-containing products. The aim of the present in vitro study was to check the
durability of the tested products for their fluoride release into the surrounding solution. Three
varnishes (Protecto CaF2 Nano one-step seal, Bifluorid 12 single dose, and Fluor Protector S) were
applied to hydroxyapatite discs and kept in diluted Total Ionic Strength Adjustment Buffer III (TISAB
III) solution for fluoride ion release measurement. A group of clear hydroxyapatite discs served
as the control group. The carrier discs (N = 40) underwent three thermal cycling runs for 20 days.
Before the first run and after each run, the fluoride ion concentration in the solution was measured
at appointed times (T) TO, T1, T2, and T3. Fluoride ion release was highest at T1 for all products
(median values for Protecto CaF2 Nano one-step seal: 0.09 ppm, Bifluorid 12 single dose: 37.67 ppm,
and Fluor Protector S: 3.36 ppm) except for the control group, showing its peak at TO (0.04 ppm).
There was a significant difference between the tested fluoride varnishes at all measurement times.
Bifluorid 12 achieved significantly higher fluoride release values than the other products (p < 0.05 at
all measurement times). A solitary product application of only once or twice per year, as stated by
the manufacturers, cannot be supported.

Keywords: fluoride varnishes; white spot lesions; fixed orthodontic appliances

1. Introduction

Despite the latest advances in orthodontic treatment, white spot lesions—described as
demineralized areas of dental enamel with high subsurface porosity and increased risk of
caries—remain common side effects of fixed appliance therapy [1-3].

It has been found that the duration of orthodontic treatment has a significant impact
on the development of white spot lesions [4]. The incidence of white spot lesions during
fixed appliance therapy has been described as 45.8% and the prevalence as 68.4% [5]. In
comparison, the incidence of white spot lesions in non-orthodontically treated patients is
25% [6]. The significantly higher incidence of demineralization in orthodontically treated
patients demonstrates the need for adjuvant treatment against white spot lesions during
fixed appliance therapy. An effective treatment for the prevention of white spot lesions is
the use of fluoride-containing products [7].

In particular, toothpastes, mouthwashes, gels, varnishes, and fluoridated elastics may
be used as carriers of fluoride [2].
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In addition to the daily low-dose application of fluoride in the form of toothpastes
and mouthwashes, the use of high-dose fluoride products on the tooth in proximity to
orthodontic brackets is another treatment option. To avoid the need for patient compliance,
a noncompliant approach could be advantageous. Given that the average orthodontic
treatment time is around 28.6 months [8], this time should be seen as the benchmark for
the durability of fluoride products.

Investigations of fluoride release kinetics have shown that fluoride ions are released by
an initial surface elution followed by a continuous diffusion of fluoride ions from the tested
dental material [9]. These kinetics and the bioavailability of fluoride are influenced by the
composition and buffer capacity of the fluoride-containing product; the pH value of saliva
and its content of antimicrobial substances, calcium, fluoride, and inorganic phosphate;
and the temperature [10-12].

Many manufacturers promise long-term fluoride release and effective caries protection
throughout the period of orthodontic therapy when using their dental care products.
According to the manufacturers, Bifluorid12 (VOCO GmbH, Mannheim, Germany) applied
twice a year and Protecto CaF2 nano one-step seal (Bonadent GmbH, Frankfurt am Main,
Germany) applied once a year should be effective against acid attacks.

In contrast, data from in vitro and in vivo studies suggest a reapplication of fluoride-
releasing products every 3 to 3.5 months to prevent the advent of white spot lesions during
orthodontic treatment [13,14].

The aim of the present in vitro study was to evaluate the fluoride release characteristics
of the three tested fluoride-containing varnishes by investigating the fluoride concentration
dynamics in the surrounding solution for a period of 60 days.

2. Materials and Methods
2.1. Test Materials

Three fluoride-containing varnishes were investigated on fluoride-free hydroxyapatite
carrier discs (Himed Inc., Old Bethpage, NY, USA). Uncoated fluoride-free hydroxyapatite
discs (Himed Inc., Old Bethpage, NY, USA) served as a control group (Table 1).

Table 1. Group classification according to the examined materials.

Material Group Product Name Manufacturer Substance
Calcium
Himed Inc., Old .
Controls 1 Phosph.ate (CaP) Bethpage, NYY, USA hydroxyapatite
discs
Bonadent silicone polyacrylate,
Varnishes 5 Protecto CaF2 Bonadent GmbH, nano-fluorapatite,
Nano Frankfurt, Germany nano-calcium fluoride,
one-step seal ethylacetate
VOCO Bifluorid Voco GmbH, 6% natrium fluoride,
3 12 single dose Cuxhaven, German 6% calcium fluoride,
& ’ y ethylacetate, silicate
4 Ivoclar Vivadent  Ivoclar Vivadent AG, 1.5% ammonium

Fluor Protector S

Schaan, Liechtenstein

fluoride, ethanol, water

2.2. Test Specimen Preparation

For test standardization, fluoride-free hydroxyapatite discs (Himed Inc., Old Bethpage,
NY, USA) with the same porosity were used for all three tested materials as carriers to
exclude fluoride release from the carrier material. The carrier discs had diameters of 5 mm
and thicknesses of 2 mm.

The products to be examined were applied to the carrier discs according to the manu-
facturer’s instructions.

To avoid mechanical irritation of the side with the applied product, one side of the
discs was marked with a pencil.
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2.3. Fluoride Concentration Measurements

The fluoride release was determined using a fluoride ion electrode (Orion 9609BNWP,
Thermo Fisher Scientific Inc., Chelmsford, MA, USA). In order to obtain reliable measure-
ments for specimens with fluctuating ionic strength, a relative ionic strength should be
set before the measurement. For this purpose, a special buffer solution, TISAB III (Total
Ionic Strength Adjustment Buffer III Standardized, Thomas Scientific, Swedesboro, NJ,
USA), was used as a total ionic strength adjustment buffer. TISAB III (5 mL) was diluted
with 45 mL of bi-distilled water. This ensured a low pH value (5-5.5) with constant ionic
strength and prevented the ions in the reagents from complexing and simulating a higher
fluoride concentration. The measured fluoride value is given in parts per million. To
calibrate the electrode, a two-point calibration was performed using standard solutions
of sodium fluoride (2000 ppm) and diluted TISAB III solutions containing 0.4, 4, and 40
ppm. For two-point calibration, two standard solutions of the described series were chosen
comprising the expected value, which was assessed by preliminary tests. The fluoride
electrode was immersed in the respective standard solution and the value of the fluoride
ion concentration was measured. If the measured values differed from the values of the
standard solutions by more than 5%, the calibration had to be carried out again. The
required slope of the fluoride electrode was given when the difference between the two
measurements was between 54 and 60 mV. After calibration, the fluoride measurement
was performed.

2.4. Experimental Procedure

Initially, 40 cryotubes were labeled according to the examination group, and each was
filled with 1.5 mL of the diluted TISAB III. A test specimen was placed in each cryotube
according to its group classification. For each of the four groups, a total of 10 specimens
were used (N =40, n = 10).

In order to simulate the influence of temperature during food intake in the oral
cavity, the prepared cryotubes were subjected to a thermocycling process. The use of
thermocycling as a method for testing fluoride varnishes under simulated oral conditions
has been described before [15]. The value for the assumed minimum food temperature in
the oral cavity was 5 °C while the maximum temperature was 55 °C. A thermal cycling
run was 20 days with three cycles each day. The specimens remained for two hours at each
temperature of 5 and 55 °C. The specimens of all four groups were exposed to 60 thermal
cycles at T1 (duration of 20 days), 120 cycles at T2 (duration 40 days), and 180 cycles at T3
(duration of 60 days).

The fluoride concentration of the assay medium for each specimen from all four
groups was examined at four different timepoints (TO-T3) (Figure 1). For the baseline
measurement, T0, the specimens remained in the diluted TISAB III solution for 5 min with
the lid closed. Then, the test specimens were separated from the examination medium
and placed in a newly labeled cryotube with a new lot of diluted TISAB III solution for
further thermocycling (Figure 1). This procedure was repeated after each thermocycling
process (Figure 1). On the one hand, this separation procedure precluded the accumulation
of fluoride values, while on the other hand it prevented a negative measuring effect due to
the saturation of the examination medium with fluoride ions. Therefore, this process was
performed prior to thermocycling runs (T0-T3) (Figure 1).

The old cryotubes with the remaining solution (examination medium) were resealed
and placed on a vortex mixer for 10 s. A volume of 500 pL of the examination medium
consisting of the diluted TISAB III and the fluoride released from the test products was
pipetted off and placed in a 4 mL test tube. This procedure was followed by determination
of the fluoride concentration. Before each fluoride concentration measurement (TO-T3)
and before each change between the individual groups within the time of the examination,
the fluoride electrode was calibrated. The fluoride concentration measurement took place
until a stable value was found. For each test specimen, three values were noted. After
each specimen was measured, the fluoride electrode was rinsed with bi-distilled water and
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dried with a dry wipe. To protect the test specimens from light exposure, they were stored
in opaque containers.

fluoride ion measurement

diluted
TISAB Il / 2
+F

diluted
TISABIII /1
+F

diluted
TISABIII /3
+F

Smin
diluted
TISAB Il

Uon

Sof,

diluted [—————»| diluted |- ~»|  diluted
TISAB I /1 | sampledisc | Tisag /2 | sampledisc [ Tisa I/ 3
+sample disc +sample disc +sample disc

thermal cycling
60 cycles — 20 days

Figure 1. Setup of the present study (TISAB III: Total Ionic Strength Adjustment Buffer III, F~:
released fluoride ion concentration).

2.5. Statistical Analysis

Statistical evaluation of the measurement results was carried out using the IBM SPSS
Statistics 25 computer program (SPSS 25, Chicago, IL, USA). For all four different timepoints
(TO, T1, T2, and T3) descriptive statistics were applied, and the normality of the distribution
of fluoride values was tested using a Kolmogorov—Smirnov test. As a normal distribution
was not found, non-parametric methods were used.

A Kruskal-Wallis H test was utilized to test for overall substantial differences between
the studied materials at all timepoints (T0, T1, T2, and T3). A Kruskal-Wallis H test
results in a higher power compared to the classical one-way ANOVA for non-parametric
distributions [16].

A Mann-Whitney U test, which requires at least one rank scale in the data to be
analyzed, was employed to evaluate the tested regimen according to pairwise comparison
at all timepoints (T0, T1, T2, and T3). The advantage of this statistical test is that it does not
depend on assumptions regarding the distribution of data, and can be used for average
sample sizes of 10-20 samples [17].

The sample size calculation was based on a similar study [18]. With an alpha level of
0.05 and a power of 80%, a sample size per group of five test specimens was determined
using G*Power (Heinrich Heine University Duesseldorf, Duesseldorf, Germany).

3. Results

The results of the Kruskal-Wallis H test indicated that there were significant, substan-
tial differences between the studied materials for the fluoride concentration measurement
at each timepoint. Excluding the control group of this statistical test also implied significant
differences between the three varnishes at all measurement timepoints (Table 2).



Appl. Sci. 2021, 11, 1452

50f 10

Table 2. Kruskal-Wallis H test results for general differences between the four study groups regarding
fluoride release.

With Control Group TO T1 T2 T3
Asymp. Sig. <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Without Control Group T0 T1 T2 T3
Asymp. Sig. <0.001 *** <0.001 *** <0.001 *** <0.001 ***

N = 40 (with control group) or N = 30 (without control group), n = 10 per group. TO = preliminary
test; T1 = 20 days thermocycling; T2 = 40 days thermocycling; T3 = 60 days thermocycling. *** =
significance (p < 0.005).

The descriptive statistical values for almost all products (Table 3) showed a drop
to a low, mostly homogeneous level after the first thermocycling from T1 to T2. This
trend roughly corresponded with that for the control group, where the median fluoride
concentration at baseline was 0.037 ppm at T0, dropping to 0.015 ppm at T1 after the first
thermocycling, then further to 0.008 ppm at T2.

Table 3. Descriptive statistical values of fluoride ion release (in ppm) for the tested materials at all
measurement times.

ToO T1 T2 T3
Material Median (ppm) Median (ppm) Median (ppm) Median (ppm)
(95% CI Low-High) (95% CI Low-High) (95% CI Low-High) (95% CI Low-High)
. 8.582 37.667 1.837 0.927
Bifluorid 12 (8.037-10.900) (32.167-43.867) (1.153-4.240) (0.666-1.160)
1.455 3.357 0.108 0.114
Fluor Protector S (1.380-1.523) (2.923-3.713) (0.106-0.209) (0.089-0.278)
Protecto CaF, Nano 0.076 0.085 0.009 0.012
(0.070-0.078) (0.039-0.224) (0.008-0.011) (0.011-0.012)
) 0.037 0.015 0.008 0.01
CaP discs (0.036-0.037) (0.012-0.023) (0.008-0.010) (0.010-0.011)

When considering the overall values for the products with regard to their fluoride
release, Bifluorid 12 always had the highest concentrations over all parameters and mea-
surement times. The median values for all carrier discs with Bifluorid 12 varied between a
maximum of 37.667 ppm at T1 and a minimum of 0.927 ppm at T3. At baseline, the fluoride
concentration was 8.582 ppm.

Fluor Protector S showed a maximum median value of 3.357 ppm at T1 and a minimum
of 0.108 ppm at T2. The fluoride ion release at T3 was similar to that at T2, with a
concentration of 0.114 ppm. The preliminary baseline test measurement of Fluor Protector
S indicated a fluoride release of 1.455 ppm.

These products were followed by Protecto CaF; Nano one step seal (TO = 0.076 ppm,
T1 = 0.085 ppm, T2 = 0.009 ppm, T3 = 0.012 ppm).

The CaP discs, which served as a control group, showed the least amount of fluoride
ions released into the surrounding solution at all measurement times (T0 = 0.037 ppm, T1 =
0.015 ppm, T2 = 0.008 ppm, T3 = 0,010 ppm).

The control group and varnishes differed significantly from one another, as observed
by pairwise comparison of independent samples (Table 4).
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Table 4. Mann-Whitney U test results for differences between groups regarding fluoride release (not
corrected for ties).

Measurement Timepoint

Group
TO T1 T2 T3
1vs.2 <0.001 *** <0.001 *** 0.052 <0.05 **
1vs.3 <0.001 *** <0.001 *** <0.001 *** <0.001 ***
1vs. 4 <0.001 *** <0.001 *** <0.001 *** <0.001 ***
2vs. 3 <0.001 *** <0.001 *** <0.001 *** <0.001 ***
2vs. 4 <0.001 *** <0.001 *** <0.001 *** <0.001 ***
3vs. 4 <0.001 *** <0.001 *** <0.001 *** <0.001 ***
control vs. varnishes <0.007 *** <0.007 *** <0.001 *** <0.001 ***

*** = significance (p < 0.005) Exact Sig. [2 x (1-tailed Sig.)]. ** = significance (p < 0.05) Exact Sig. [2 x (1-tailed
Sig.)]. Group classification: 1, CaP discs; 2, Protecto CaF, Nano; 3, Bifluorid 12; 4, Fluor Protector S.

The evaluation according to the Mann-Whitney U test (Table 4) showed that the two
products, Bifluorid 12 and Fluor Protector S, exhibited significant differences compared to
the control group at all measurement timepoints, T0, T1, T2, and T3 (p < 0.001). Bifluorid
12 released significantly more fluoride ions into the solution at all measurement timepoints
than did the other tested materials (p < 0.001).

Fluor Protector S showed a significantly higher fluoride release at all measurement
timepoints (T0, T1, T2, and T3) than Protecto CaF, nano and the control group (p < 0.001).

Protecto CaF; nano performed better than the control group at T0, T1 (p < 0.001), and
T3 (p < 0.05), but not at T2 (p = 0.052). At all measurement timepoints, Protecto CaF, nano
showed significantly less fluoride ion release than the other two tested fluoride-containing
varnishes (p < 0.001).

4. Discussion

The enamel surface around orthodontically placed brackets is a retention site and shows
increased risk of caries. In an in vitro study by Farrow et al. [19], it was shown that new
demineralization occurred in only 7.7% of cases during the use of a fissure sealant as a bracket
sealant, whereas in the control group with a conventional attachment of brackets without envi-
ronmental sealing, the rate was 19.2%. Due to statistical insignificance, the authors questioned
the use of varnishes to prevent white spots. In contrast, Frazier et al. demonstrated that tooth
surfaces sealed with a fissure sealant developed 80% fewer occurrences of demineralization
than the control group without sealant, and this difference was significant [20]. It has been
reported that the use of fluoride-releasing materials around the bracket environment is benefi-
cial to reducing white spot lesions in patients undergoing fixed appliance therapy [21,22]. To
prevent white spot lesions, fluoride release should be prolonged [23].

This study examined fluoride ion release from different fluoride-releasing varnishes
over a set time period based on an examination solution. Fluoride-free hydroxyapatite
discs were used to prevent false measurements due to the fluorides that can be released
from human enamel. An investigation on natural human or bovine teeth was discussed in
advance during the planning of the study and was rejected because its use harbors the risk
of a shift in the measured values due to fluorides that could detach from tooth enamel.

The release of fluoride ions from glass ionomer cement is a diffusion process [9].
Environmental temperature changes alter the diffusion behavior of the same material and
can thereby affect the fluoride ion characteristics of the varnishes [24]. To simulate extreme
thermal interactions of cold and hot food intake, three runs of a thermocycling process
were used. Each run consisted of 60 cycles at 5 and 55 °C. Thermocycling is a well-known
methodology for simulating thermal alteration [25,26], and the temperatures used in this
study have been advocated for the last 20 years for testing dental materials [27].

To ensure the comparability of this study with others, standardized test procedures
were used. Measuring fluoride concentrations by means of a fluoride ion electrode has
been described previously in several studies [18,28,29].
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In the literature, no study was found that measured dissolved fluoride release us-
ing a fluoride ion electrode and also included thermal alteration of the tested products
by thermocycling.

The fluoride concentration was measured after successful calibration of the electrode
between two set values using previously determined calibration solutions. By repeatedly
measuring these calibration values before and between the series of measurements, whether
the measuring range of the electrode had shifted during the measurement series could be
detected. The measurement of each product was repeated three times to verify the fluoride
concentration. In order to prevent the accumulation of fluoride in the examination medium,
the solution was replaced by a new solution after each measurement time.

The product Bifluorid 12 showed the highest fluoride ion release capacity in our study.
The interpretation of the global Kruskal-Wallis H test and the descriptive statistics, in
addition to the pairwise Mann-Whitney U test, led to the conclusion that Bifluorid 12
outperformed all other tested products at all measurement timepoints, T0, T1, T2, and T3.

Our results on the fluoride release characteristics of Bifluorid 12 match the results of
other studies showing that the fluoride release decreases over time [30]. Maas et al. [31]
also found Bifluorid 12 to have the highest fluoride release in solution when compared
to other product groups. This shows that the results are consistent with those of other
studies. It can be assumed that Biflourid 12 is able to release fluoride for longer than the
other products tested in our study.

The product Fluor Protector S showed similar characteristics to Bifluorid 12, but with
lower median values of fluoride release at any measurement point. The results of our study
show that Fluor Protector S had highly significant fluoride release until T1. After this time,
fluoride release was detectable only at a low value. Bolis et al. investigated Fluor Protector
S using a fluoride ion electrode after storage of the test specimen in an artificial saliva
solution over a period of 4 h. Fluor Protector S showed the highest amount of fluoride
uptake into enamel compared to other product groups, but its fluoride release was not
the highest [32]. A peak fluoride release within the first hour following application [32]
could not be confirmed by our data, as Fluor Protector S showed a peak fluoride release
at T1 in our study (meaning after 20 days of thermal cycling). It can be assumed that
Fluor Protector can deliver a high initial level of fluoride release to the surrounding oral
cavity environment, but thereafter the fluoride levels fall to a minimum. For orthodontic
treatment, which typically lasts about two years, continuous long-term fluoride release
would be desirable. It is well documented that the fluoride concentration in the test
medium is increased immediately after the use of various fluoride compounds in the
dentifrice [33,34]. Showing a peak fluoride concentration in the tested medium after 20
days of thermocycling, our data suggest a different kinetic behavior for fluoride varnishes.

Protecto CaF, nano one-step seal showed high fluoride release at T1 and T2 during
the test period. Immediately after application of the product (T0) and after the first
thermocycling at timepoint T1, peak fluoride release was detectable in the solution. When
compared to the values of the control group at measurement timepoint T2, the difference
is 0.001 ppm, though this is statistically insignificant, bordering on the significance level.
At T3, the difference from the control group was 0.002 ppm. These values might not
show clinical relevance; therefore, clinical effectiveness in long-term use and after a single
application of Protecto CaF, nano is to be questioned.

It should be noted that the measured values of fluoride ion concentrations are so low
that accuracy cannot be guaranteed, even with the use of a highly sensitive fluoride ion
electrode in this study. This could also be one of the reasons why a minimal amount of
fluoride release was measured in the control group with hydroxyapatite discs.

A study by Chau et al. also showed minimal fluoride release, though into a culture
medium, from hydroxyapatite discs serving as a control group [35]. Contamination cannot
be ruled out completely.

In our study, three 60-cycle thermal cycling runs summing to 180 cycles were per-
formed for each specimen. There have been studies that reported fewer cycle runs, but
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there have also been studies with more than 500 cycling runs [26,36]. Therefore, the fluoride
ion release capacities of the products tested could be for a shorter time if tested with more
cycling runs or under certain clinical conditions.

Taking into account that the control disc group showed a median value of 0.010 ppm at
T3, and putting this in concordance with the other values at T3, it can be assumed that only
Bifluorid 12 and Fluor Protector S provided a fluoride ion concentration above 0.03 ppm. It
has been shown that the incorporation of fluoride levels of 0.03 ppm into a mineralizing
solution like saliva enhances remineralization [37].

A solitary product application of once or twice per year, as recommended by the
manufacturers, cannot be supported.

A recharge of the fluoride supply has been suggested by other authors every 3 to
3.5 months [13,14]. The combination of fluoride varnish applications twice a year with
regular topical fluoride application every three months could lead to a reduced risk of
demineralization during fixed orthodontic treatment.

The limitations of this study are its in vitro character, the use of fluoride-free hydrox-
yapatite carrier discs simulating tooth substance, and the number of thermocycling runs.
Further in vivo studies are needed in which the material is applied to tooth substance in
order to verify our findings under a caries model or normal clinical conditions.

5. Conclusions

This study examined the fluoride release characteristics of three fluoride-containing
varnishes before and after thermal cycling. Within the limitations of this in vitro study, the
peak release from the fluoride varnishes was observed at measurement timepoint T1 (after
20 days of thermocycling).

In this study, the fluoride-containing varnishes Bifluorid 12 and Fluor Protector S
achieved significantly higher fluoride release values than did the other tested products
over a period of 60 days. The results indicate that fluoride-containing varnishes release
fluoride into the surrounding solution, through which they can offer inhibition of caries
development for fixed appliance orthodontic therapy. However, this fluoride release might
not be sufficiently prolonged to be as effective as the manufacturers claim.
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