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It was the aim of this study to investigate differences in fluoride bioavailability in different oral areas
after the application of amine fluoride (AmF) and sodium fluoride (NaF). The null hypothesis suggested
no differences in the fluoride bioavailability. The tongue coating was removed and biofilm samples
from the palate, oral floor and cheeks were collected. All subjects brushed their teeth with toothpaste
containing AmF or NaF. Specimens were collected before, as well as immediately after and at 30 and
120 minutes after tooth brushing. The fluoride concentration was determined. The area under the
curve was calculated for each location and compared statistically. In the tongue coating, fluoride
concentration increased faster after NaF application than after AmF application. After 30 minutes,

the fluoride concentration decreased and remained stable until 120 minutes after AmF application

and returned to baseline after NaF application. The difference between the baseline and the endpoint
measurements was statistically significant. The fluoride concentration in the tongue coating remained
at a higher level compared with the baseline for up to 120 minutes post-brushing. This may indicate that
the tongue coating is a major reservoir for fluoride bioavailability. The results also indicate an unequal
fluoride distribution in the oral cavity.

The oral cavity is a unique environment with different niches that house various microbial species in their covering
biofilms!. The oral biofilm has several functions: It acts as an interface between the oral surface and its surround-
ings; it harbors bacteria and interacts with other bacteria; it provides a mucosal protective coating for mechanical
and antimicrobial defense®.

Many factors have an impact on the biofilm formation, including host genetics, ethnicity, smoking, diet and its
impact on the local pH?, local temperature in different sites of the oral cavity®, age, environment, sexual behavior?,
and hormonal level®. Still other factors are pharmacological influences®, oral health’-1°, epithelial morphology!!, the
content of saliva and its rheological and clearance properties"!!~*%, and the use of oral hygiene products'%. Biofilm
formation is regulated by complex biological mechanisms, which include host-microbial cross talk>!1-13, epithelial
cell signaling’®, and quorum-sensing'®. At the beginning of biofilm formation and bacterial colonization, the surface
components of the bacteria adhere to oral epithelial cells'®. The material properties to which biofilms adhere have
an impact on biofilm formation'” and there is no uniform epithelial lining of the oral cavity. Morphologically, the
oral mucosa is divided into the lining mucosa, masticatory mucosa, and specialized mucosa'®. These epithelia differ

. in their thickness and surface texture'®*°. Another study has shown that the lining epithelial surface morphology
: varied in the different areas of the oral cavity and that this surface morphology influenced the composition of the
overlying biofilm!!. The oral microflora composition varies on distinct oral surfaces (e.g., teeth, mucosa), and at
specific sites (e.g., fissures, gingival crevice)?'. From a bacteriological point of view, seven different locations in
the oral cavity are distinguished by their varying microbiota??. These are located in the different oral niches with
© various origins, composition, and structural and functional peculiarities>*.
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Because of the differences in epithelial surface textures, the rheological properties of saliva and the composition
of the oral biofilms in the various niches, the dynamics and distribution of proteins, polysaccharides and electrolytes
such as fluoride may also vary considerably.

It is now widely accepted that fluorides are the most effective agents in caries prevention®*?. Fluorides are
administered mainly through toothpaste. Other forms of application are fluoridated water?*, fluoridated salt*® or
milk?”?, fluoridated mouth rinses® and fluoride varnishes®. After application, fluorides are distributed within the
oral cavity and remain in saliva for a certain period of time facilitating the remineralization of dental enamel®!-%,
However, there is a growing concern about possible side effects of fluoride administration. High doses of systemic
fluoride administration in early childhood are causing fluorosis, which results in mineralization defects of dentin
and enamel*.

Therefore, individualized regimes for fluoride application in caries prevention in young children should be
elaborated. To achieve this goal, more detailed knowledge about the dynamics of fluoride distribution after its
application into the oral cavity is necessary. Detailed knowledge about the dynamics of the fluoride kinetics in
saliva after fluoride application is already available**=*". It has also been shown that fluoride distribution in saliva
is different in supernatant saliva, salivary sediment and in plaque’>3**"-3°, However, not much is known about the
fluoride distribution after tooth brushing in the biofilm of different oral compartments. It was therefore the aim
of this study to investigate the dynamic distribution of fluoride in different oral niches after the application of two
different fluoride compounds.

The primary research question of this investigation was whether there are differences between the fluoride
concentrations in different biofilms of the oral mucosa over a time period of 120 minutes after application of amine
fluoride (AmF) or sodium fluoride (NaF). The secondary aims were to determine the variation in the fluoride
concentration in two ways: between the different collection times and between both fluoride compounds at the
different collection times.

The null hypothesis suggested that there are no differences in the fluoride bioavailability in all investigated oral
areas and between the two tested fluoride compounds.

Materials and Methods

Subjects. Thirty-two healthy dental students (16 men and 16 women) in their first, second and third years
of education (mean age: 24.06 + 2.17 years; body weight: 69.7 - 13.5kg) were recruited and randomly evenly
distributed into two groups of eight males and eight female subjects. All subjects received verbal and written
information about the investigation, and written instructions regarding the schedule of the study design and the
proper tooth brushing method. The subjects provided their informed consent. Inclusion criteria were satisfactory
oral and general health. The exclusion criterion was the presence of active caries or periodontal disease. All partic-
ipants of this study were allowed to retain to their daily tooth brushing protocol including their custom toothpaste
in the morning and evening. They did not drink fluoridated water or took any other fluoridated aliments during
the experimental period. This protocol was approved by the ethical committee of Witten/Herdecke University
(permission 25/2013). All experiments were performed in accordance with relevant guidelines and regulations.

Study design. The oral biofilm samples were collected between 2:00 and 4:30 p.m. (in the spring and summer
time). At 2:00 p.m., the experiment started with the collection of baseline samples (T0). The subjects in group
1 were asked to brush their teeth with toothpaste containing an amine fluoride (AmF, 1400 pm fluoride, Elmex,
CP GABA GmbH, Hamburg, Germany). The subjects in group 2 brushed their teeth with toothpaste containing
a sodium fluoride (NaF, 1400 ppm fluoride, Eurodont, Maxim Markenprodukte, Pulheim, Germany). Further
samples were collected immediately (T1), 30 min (T2) and 120 min (T3) after tooth brushing.

Tooth brushing and collection of saliva, tongue coating and oral biofilm samples. Each subject
underwent the experimental protocol five times. For standardization, all subjects brushed their teeth with the
respective fluoride toothpaste and an Elmex toothbrush using the modified Bass brushing technique* for three
minutes. Saliva samples were collected in 20 ml plastic tubes. Immediately after sample collection, 250 ul of TISAB
IT was added and the samples were frozen and stored at —80 °C until they were assayed for fluoride concentra-
tion. To evaluate the fluoride bioavailability dynamics, samples were collected from the tongue, cheeks, oral floor
and palate and then divided into four areas: I, IL, IIl and IV (Fig. 1) to avoid double collection of the biofilm in
the same area. Tongue coating was collected from four regions of the tongue with the commercially available
tongue cleaner (One Drop Only®, Berlin, Germany). Biofilm samples from the palate, oral floor and cheeks were
collected for 10 seconds using Periopaper (Oraflow Inc., New York, USA). To ensure the collection of biofilm
with periopaper control strips were stained with backlight live/dead staining (Molecular Probes® Invitrogen, Life
Technologies, Darmstadt, Germany) according to the manufacturer’s instructions and microscopic pictures were
taken with a a fluorescence microscope (Leica DMB, Leica, Wetzlar, Germany) with a N21 (BP 515-560) filter for
green fluorescence and a CY5-T (BP 635/10) filter for red fluorescence (Fig. 2).

Fluoride concentration. The fluoride concentration was determined in all samples according to standard
operating procedures (SOP) using a fluoride-sensitive electrode (Orion 96-09, Thermo Electron) as described
elsewhere %2,

Statistical methods. Data were processed with the Statistical Package for Social Sciences (SPSS 22.0, IBM,
Armonk, New York, USA). Prior to the experiments, a sample size calculation was performed with a power of
0.8 and a significance level of o < 0.05, which revealed a minimum number of 13 subjects (Axum 7, Mathsoft,
Cambridge, Massachusetts, USA). Considering a possible dropout of 20%, 16 men and 16 women test subjects
were selected. The data for the sample size calculation were obtained from a previous investigation*!. The area
under the curve (AUC) was calculated for the fluoride concentration from AmF and NaF between TO and T3
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Figure 2. Fluorescence microphotograph of the biofilm of the cheek surface collected with periopaper and
stained with life - dead bacterial staining. The smear contains epithelial cell at the bottom and life (green) and
dead (red) bacteria.

and for the variation of the fluoride concentration, which was determined by calculating the difference between
collection times (T1-T0, T2-T1 and T3-T2) for each oral surface. Statistical comparison of the fluoride concen-
trations between AmF and NaF was performed using the non-parametric Mann-Whitney U test for independent
variables. Statistical comparison of the fluoride concentration at the different collection times and between the
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AUC of the fluoride concentration after AmF or NaF application
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Figure 3. Boxplot graphics of the dynamics of the fluoride concentration in different areas of the oral
cavity after AmF and NaF application.

Median 18.63 26.82 6.36 18.35
Minimum 543 6.61 0.44 2.74
Maximum 56.7 85.89 41.07 66.45
Range 51.27 80.28 40.36 63.71

Table 1. Descriptive statistical data of the AUC after AmF administration. Values are in ppm.

Median 14.69 —14.70 | —11.00 7.44 —7.34 —0.30 0.11 0.01 —0.07 | 10.09 —-9.71 —0.62
Minimum 397 | —50.63 | —0.30 | —23.05 | —50.89 | —17.02 | —21.73 | —5.31 —17.35 0.70 | —63.42 | —16.99
Maximum 51.25 —1.55 1.14 51.36 14.80 39.08 7.31 16.41 591 57.56 12.33 9.14
Range 47.28 49.07 3.59 74.42 65.70 56.11 29.04 21.73 23.26 60.93 75.76 26.14

Table 2. Descriptive statistical data of the variability of the fluoride concentration after AmF administration.
Values are in ppm.

oral surfaces in the AmF, and the NaF group was performed using the non-parametric sign test with Wilcoxon
signed-rank for related variables. The level of significance was p < 0.05.

Results

Fluoride measurements. A significant difference (p < 0.001) was found for the area under the curve
between AmF and NaF samples from the biofilm of the tongue, but not from the biofilms of the other oral areas
(Fig. 3). The median of the AUC for the tongue coating fluoride concentration after NaF application was almost
twice as high as after AmF application. The descriptive data for the AUC after application of either AmF or NaF
are summarized in Table 1 and Table 2, respectively. Comparison of the AUC for the variation of the fluoride
concentration between AmF and NaF revealed a significantly higher fluoride concentration decrease after NaF
application in the tongue, palate and mouth floor (Fig. 4).

Fluoride concentrations at the different collection times. At baseline, fluoride concentrations
showed significant differences between tongue and palate (p < 0.001), tongue and mouth floor (p = 0.004),
tongue and cheek (p = 0.039), palate and mouth floor (p = 0.003) and between palate and cheek (p < 0.001).
Comparisons of baseline fluoride concentrations between cheek and mouth floor showed no significant difference
(p=0.858).

In the tongue coating, the fluoride concentration after tooth brushing with AmF increased to approximately
34-fold of the baseline value (median 0.45 ppm) and stayed about twofold higher than baseline until 120 minutes
after the brushing (Fig. 5). After NaF application, the fluoride concentration increased to approximately 68-fold
of the baseline (median 0.45 ppm) and decreased to the baseline level after 120 minutes (Fig. 6). In the palate
biofilm, the fluoride concentration after tooth brushing with AmF increased twofold above the baseline (median
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Comparison of the variability of the fluoride concentration after AmF and NaF
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Figure 4. Boxplot graphics of the dynamics of the variation of fluoride concentration after application of
AmF and NaF. The AUC has been calculated from the differences between T1-T0, T2-T1 and T3-T2.

Fluoride concentration in the biofilm of different oral areas after AmF
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Figure 5. Boxplot graphics of the fluoride concentration at the different collection times after AmF
application.

Dynamics of the fluoride concentration in different oral biofilms after NaF
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Figure 6. Boxplot graphics of the fluoride concentration at the different collection times after NaF
application.
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Tongue Palate Mouth floor Cheek
T1-TO0 | T2—T1 | T3—T2 | TI-T0 | T2—T1 | T3—T2 | T1-T0 | T2—T1 | T3—T2 | T1-T0 | T2—T1 | T3—T2
Median 3043 | —28.14| —131 19.03 —20.50 | —0.35 0.13 —31.00 0.16 8.89 —7.63 —0.57
Minimum —0.27 | —108.69 | —8.45 0.63 —59.39 | —1345 | —3.51 —15.52 | —=3.05 —3.37 | —53.90 | —21.13
Maximum 114.11 —3.66 | 14.98 64.19 6.20 11.75 16.55 2.09 6.20 57.56 17.76 7.37
Range 114.38 105.02 | 23.44 63.55 65.60 25.21 20.06 17.62 9.26 60.93 71.66 28.51

Table 3. Descriptive statistical data of the variability of the fluoride concentration after NaF administration.
Values are in ppm.

Tongue Palate | Mouthfloor | Cheek
Median 33.56 33.79 5.09 16.68
Minimum 7.16 11.25 1.38 4.10
Maximum 121.91 76.52 20.53 65.99
Range 114.75 65.27 19.15 61.89

Table 4. Descriptive statistical data of the AUC after NaF administration. Values are in ppm.

7.23 ppm) (Fig. 5) and with NaF about six times above the baseline (median 3.71 ppm) (Fig. 6). Fluoride concen-
tration declined to the baseline level 30 minutes after the application of AmF or NaFE In the oral floor biofilm, the
fluoride concentration after tooth brushing with AmF increased approximately 0.5-fold above the baseline (median
1.40 ppm) (Fig. 5). After NaF application, no increase of the fluoride concentration was observed (Fig. 6). In the
cheek biofilm, the fluoride concentration after tooth brushing with AmF increased above the baseline (median
0.99 ppm) by approximately tenfold and was still twice the baseline value after 120 minutes (Fig. 5). NaF applica-
tion resulted in a seven-fold increase of the fluoride concentration above the baseline (baseline median 1.35 ppm),
which dropped to the baseline level after 120 minutes (Fig. 6).

Variability of the fluoride concentration. The tongue surface showed the highest variability in fluoride
concentration for both fluoride compounds from baseline (T0) to T1 (median 14.69 ppm for AmF and 30.43 ppm
for NaF) and from T1to T2 (median —14.70 ppm for AmF and —28.14 for NaF) followed by palate (T0-T1:
median 7.44 ppm for AmF and 19.03 ppm for NaF; T1-T2: —7.34 ppm for AmF and —20.5 ppm for NaF). Similar
variability values were found in the cheek (T0-T1: median 10.09 ppm for AmF and 8.89 ppm for NaF; T1-T2:
—9.71 ppm for AmF and —7.63 ppm for NaF). The lowest variability was found in the biofilm of the oral floor
(T0-T1: median 0.11 ppm for AmF and 0.13 ppm for NaF; T1-T2: 0.01 ppm for AmF and —0.31 for NaF). All data
regarding fluoride variability are summarized in table 3 for AmF and table 4 for NaF. There were no significant
differences between the fluoride concentration changes in all oral surfaces from T2 to T3 (Tables 3 and 4).

Discussion

The histological analysis of tongue and palatal surface in the present study revealed a keratinized epithelium. This
is of importance because the tongue and palate have sliding contacts that influence the tribology of their surfaces.
The tribological process between tongue and palate is very complex because it simultaneously involves mechanical
friction, wear mechanisms, chemical effects and material transfer®2. The micro- and macro-mechanical tribological
mechanisms explain the origin of the tongue coating and its composition. Summarizing these data may explain
the mechanism of the natural clearance of the tongue surface and the origin, function, content and amount of the
tongue coating compared to other oral biofilms.

Cellular surfaces may be electrically charged, and fluorides may bind to these charged surfaces. As a con-
sequence, this binding may influence fluoride bioavailability, which is considered essential for enamel
remineralization®.

Two basic types of fluoride reservoirs can persistently increase fluoride concentrations in the fluids surrounding
the sites of de- and remineralization of the teeth: the mineral deposits of calcium fluoride (CaF,) and fluorapatite
and biologically/bacterially bound fluoride deposits**. Biologically and bacterially bound fluoride deposits are
found in supernatant saliva¥, salivary sediment®’-*, and plaque’, However, in the available literature, no informa-
tion was found regarding the fluoride concentration in the different oral biofilms. Therefore, in the present study,
the fluoride concentration in the different compartments of the oral cavity was investigated.

The results of this study revealed that, at baseline, the fluoride concentration in the oral biofilm is similar in the
cheek and oral floor. Meanwhile, the tongue coating had the lowest and the palate had the highest fluoride values
for the four investigated oral surfaces. This finding reflected that the palatal biofilm had the highest affinity towards
fluoride ions, followed by the mouth floor, cheek biofilm and the tongue coating.

Tooth brushing with toothpaste containing either AmF or NaF resulted in a significant increase in the fluoride
concentration in all oral surface biofilms. These results are in concordance with earlier, similar investigations on
AmF toothpaste®*4!.

The tongue biofilm showed the highest fluoride turnover, followed by cheek, palate biofilm and the oral floor
after tooth brushing with toothpaste containing either AmF or NaE The oral floor showed almost no fluctuation
in fluoride content after tooth brushing with the NaF toothpaste and the lowest increase after the AmF toothpaste
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compared to the other oral surfaces. Tooth brushing stimulates the salivary flow rate and results in an increased
salivary clearance® of the fluoride from the mouth floor biofilm.

The tongue coating and cheek biofilm showed initially higher affinity towards fluoride ions after tooth brush-
ing with NaF toothpaste compared with AmF toothpaste. This effect was followed by a quick decrease to baseline
values at 120 minutes after tooth brushing in the NaF group, while the fluoride concentration in the AmF group
remained stable and did not reach baseline values until the end of the study protocol.

The palatal biofilm showed a similar affinity towards fluoride ions after tooth brushing with either the AmF
toothpaste or the NaF toothpaste. Fluoride concentration returned to baseline values at 30 minutes after tooth
brushing. With regard to the baseline fluoride values of the palatal biofilm, it might be concluded that the palatal
biofilm is a fluoride reservoir together with the plaque*! and salivary sediment*+#!. However, the total surface of
the tongue is more than % of the total surface area of the oral cavity?’. Therefore, it might be assumed that the
tongue coating, palate biofilm, plaque and sediment serve as the four essential biological/bacterial fluoride res-
ervoirs in the oral cavity. Thus, the fluoride retention in the oral biofilms is an important prerequisite for fluoride
bioavailability in the oral cavity. Obviously, the different epithelial sites of the oral cavity contribute differently to
fluoride retention. With regard to fluoride bioavailability for caries prophylaxis it has been shown that already small
amounts of fluoride are enhancing enamel remineralization*®*’. Although the bioavailable fluoride concentration
decreases considerably after application of fluoride, a constant minimal level of fluoride seems to be enough for
caries prevention. Fluoride retention the biological surfaces of the oral cavity might help to maintain a constant
fluoride bioavailability.

In addition to earlier findings, which demonstrated that the organic components of the salivary sediment bind
large amounts of fluoride*!, this study supports the hypothesis that AmF in particular binds to organic surfaces
of oral mucosa because it has surfactant properties, with a lipophilic and a hydrophilic end. This might explain
the finding that clearance of fluoride from AmF in the oral cavity is slower than that from NaF, which results in
a prolonged bioavailability of fluoride after AmF uptake. This is in accordance with other studies, which also
demonstrated a fast clearance of fluoride after NaF application®>3¢484%,

As soon as NaF is dissolved in saliva, the NaF dissociates and fluoride becomes chemically reactive. Fluoride
is released more slowly from AmF, which results in a prolonged bioavailability. This might explain the extreme
changes in fluoride concentration within 120 minutes after NaF application. For future application of fluorides,
their distribution and the retention within the oral biofilm should be taken into consideration.

Conclusions

The results are in accordance with previous studies that showed a dramatic increase in fluoride concentration
after tooth brushing in the supernatant saliva, salivary sediment and plaque, followed by a decrease. The fluoride
concentration after AmF application remained at a twofold higher level compared with the baseline in the tongue
coating and in the palatal biofilm. This may indicate that the tongue coating and the palatal biofilm are the res-
ervoirs for the oral fluoride bioavailability. AmF and NaF have different affinities for the distinct areas of the oral
cavity. The results also demonstrate an unequal fluoride distribution in the oral cavity. Thus, the null hypothesis
that assumed no differences in the fluoride bioavailability between the different oral areas and between the different
fluoride compounds has been rejected.

References

1. Aas, ]. A, Paster, B. ], Stokes, L. N., Olsen, I. & Dewhirst, E. E. Defining the normal bacterial flora of the oral cavity. Journal of clinical
microbiology 43, 5721-5732, doi: 10.1128/jcm.43.11.5721-5732.2005 (2005).

2. Marsh, P. D. & Devine, D. A. How is the development of dental biofilms influenced by the host ? Journal of clinical periodontology 38
Suppl 11, 28-35, doi: 10.1111/j.1600-051X.2010.01673.x (2011).

3. Haffajee, A. D., Socransky, S. S., Smith, C., Dibart, S. & Goodson, J. M. Subgingival temperature (III). Relation to microbial counts.
Journal of clinical periodontology 19, 417-422 (1992).

4. Kort, R. et al. Shaping the oral microbiota through intimate kissing. Microbiome 2, 41, doi: 10.1186/2049-2618-2-41 (2014).

5. Carrillo-de-Albornoz, A., Figuero, E., Herrera, D. & Bascones-Martinez, A. Gingival changes during pregnancy: II. Influence of
hormonal variations on the subgingival biofilm. Journal of clinical periodontology 37, 230-240, doi: 10.1111/j.1600-051X.2009.01514.x
(2010).

6. Chevalier, M., Sakarovitch, C., Precheur, I, Lamure, J. & Pouyssegur-Rougier, V. Antiseptic mouthwashes could worsen xerostomia
in patients taking polypharmacy. Acta Odontol Scand, 1-7, doi: 10.3109/00016357.2014.923108 (2015).

7. Arthur, R. A. et al. Enamel Carious Lesion Development in Response to Sucrose and Fluoride Concentrations and to Time of Biofilm
Formation: An Artificial-Mouth Study. Journal of oral diseases 2014, doi: 10.1155/2014/348032 (2014).

8. Charalampakis, G. & Belibasakis, G. N. Microbiome of peri-implant infections: lessons from conventional, molecular and
metagenomic analyses. Virulence, 0, doi: 10.4161/21505594.2014.980661 (2015).

9. Haas, A. N. et al. Mouthwashes for the control of supragingival biofilm and gingivitis in orthodontic patients: evidence-based
recommendations for clinicians. Braz Oral Res 28, 1-8 (2014).

10. Rashid, H. The effect of surface roughness on ceramics used in dentistry: A review of literature. European journal of dentistry 8,
571-579, doi: 10.4103/1305-7456.143646 (2014).

11. Pramanik, R, Osailan, S. M., Challacombe, S. J., Urquhart, D. & Proctor, G. B. Protein and mucin retention on oral mucosal surfaces
in dry mouth patients. European journal of oral sciences 118, 245-253, doi: 10.1111/§.1600-0722.2010.00728.x (2010).

12. Carlen, A., Bratt, P, Stenudd, C., Olsson, J. & Stromberg, N. Agglutinin and acidic proline-rich protein receptor patterns may modulate
bacterial adherence and colonization on tooth surfaces. Journal of dental research 77, 81-90 (1998).

13. Zalewska, A., Zwierz, K., Zolkowski, K. & Gindzienski, A. Structure and biosynthesis of human salivary mucins. Acta biochimica
Polonica 47, 1067-1079 (2000).

14. do Nascimento, C., Paulo, D. E, Pita, M. S., Pedrazzi, V. & de Albuquerque Junior, R. E Microbial diversity of the supra- and subgingival
biofilm of healthy individuals after brushing with chlorhexidine- or silver-coated toothbrush bristles. Canadian journal of microbiology
61, 112-123, doi: 10.1139/cjm-2014-0565 (2015).

15. Yilmaz, O., Young, P. A., Lamont, R. J. & Kenny, G. E. Gingival epithelial cell signalling and cytoskeletal responses to Porphyromonas
gingivalis invasion. Microbiology (Reading, England) 149, 2417-2426 (2003).

16. Feldman, M., Shenderovich, J., Al-Quntar, A. A., Friedman, M. & Steinberg, D. Sustained Release of a Novel Anti-Quorum-Sensing
Agent against Oral Fungal Biofilms. Antimicrobial agents and chemotherapy, doi: 10.1128/aac.04212-14 (2015).

SCIENTIFICREPORTS | 6:18729 | DOI: 10.1038/srep18729 7



www.nature.com/scientificreports/

17. Song, F, Koo, H. & Ren, D. Effects of Material Properties on Bacterial Adhesion and Biofilm Formation. Journal of dental research,
doi: 10.1177/0022034515587690 (2015).

18. Garant, P. R. In Oral Cells and Tissues (ed P. R. Garant) (Quintessence, 2003).

19. Kullaa, A. M., Asikainen, P., Herrala, M., Ukkonen, H. & Mikkonen, J. ]. Microstructure of Oral Epithelial Cells as an Underlying
Basis for Salivary Mucosal Pellicle. Ultrastructural pathology, 1-5, doi: 10.3109/01913123.2014.944732 (2014).

20. Naumova, E. A., Dierkes, T., Sprang, J. & Arnold, W. H. The oral mucosal surface and blood vessels. Head ¢~ Face Medicine 9, 8 doi:
10.1186/1746-160X-9-8 (2013).

21. Marsh, P. D. & Percival, R. S. The oral microflora-friend or foe ? Can we decide ? International dental journal 56, 233-239 (2006).

22. Segata, N. et al. Composition of the adult digestive tract bacterial microbiome based on seven mouth surfaces, tonsils, throat and
stool samples. Genome biology 13, R42, doi: 10.1186/gb-2012-13-6-r42 (2012).

23. Kerr, W.]., Kelly, J. & Geddes, D. A. The areas of various surfaces in the human mouth from nine years to adulthood. Journal of dental
research 70, 1528-1530 (1991).

24. FDL E. D. I policy statement on promoting oral health through water fluoridation: revised version adopted by the FDI General
Assembly: 13 September 2014, New Delhi, India. International dental journal 64, 293-294, doi: 10.1111/idj.12150 (2014).

25. Griffin, S. O., Regnier, E., Griffin, P. M. & Huntley, V. Effectiveness of fluoride in preventing caries in adults. Journal of dental research
86,410-415 (2007).

26. Marthaler, T. M. Salt fluoridation and oral health. Acta medica academica 42, 140-155, doi: 10.5644/ama2006-124.82 (2013).

27. Arnold, W. H., Cerman, M., Neuhaus, K. & Gaengler, P. Volumetric assessment and quantitative element analysis of the effect of
fluoridated milk on enamel demineralization. Arch Oral Biol 48, 467-473 (2003).

28. Banoczy, J., Rugg-Gunn, A. & Woodward, M. Milk fluoridation for the prevention of dental caries. Acta medica academica 42, 156-167,
doi: 10.5644/ama2006-124.83 (2013).

29. Rugg-Gunn, A. & Banoczy, J. Fluoride toothpastes and fluoride mouthrinses for home use. Acta medica academica 42, 168-178, doi:
10.5644/ama2006-124.84 (2013).

30. Steel, K. How effective is the application of topical fluoride varnish in preventing dental caries in children ? a literature review. Primary
dental journal 3, 74-76 (2014).

31. Duckworth, R. M. & Jones, S. On the Relationship between the Rate of Salivary Flow and Salivary Fluoride Clearance. Caries research
49, 141-146, doi: 10.1159/000365949 (2015).

32. Naumova, E. A., Arnold, W. H. & Gaengler, P. Fluoride bioavailability in saliva using DENTTABS® compared to dentifrice. Cent Eur
J Med 5, 375-380 (2010a).

33. Naumova, E. A., Gaengler, P, Zimmer, S. & Arnold, W. H. Influence of individual saliva secretion on fluoride bioavailability. The open
dentistry journal 4, 185-190, doi: 10.2174/1874210601004010185 (2010b).

34. Perez-Perez, N., Torres-Mendoza, N., Borges-Yanez, A. & Irigoyen-Camacho, M. E. Dental fluorosis: concentration of fluoride in
drinking water and consumption of bottled beverages in school children. The Journal of clinical pediatric dentistry 38, 338-344 (2014).

35. Aasenden, R., Brudevold, F. & Richardson, B. Clearance of fluoride from the mouth after topical treatment or the use of a fluoride
mouthrinse. Arch Oral Biol 13, 625-636 (1968).

36. Bijella, M. E, Brighenti, F. L. & Buzalaf, M. A. Fluoride kinetics in saliva after the use of a fluoride-containing chewing gum. Braz
Oral Res 19, 256-260, doi: S1806-83242005000400004 (2005).

37. Schipper, R. G,, Silletti, E. & Vingerhoeds, M. H. Saliva as research material: biochemical, physicochemical and practical aspects.
Arch Oral Biol 52, 1114-1135, doi: 10.1016/j.archoralbio.2007.06.009 (2007).

38. Naumova, E. A. et al. Fluoride bioavailability in saliva and plaque. BMC Oral Health 12, 3 (2012d).

39. Naumova, E. A. et al. Dynamic changes in saliva after acute mental stress. Scientific reports 4, 4884, doi: 10.1038/srep04884 (2014).

40. Bass, C. C. An effective method of personal oral hygiene; part II. ] La Sate Med Soc 106, 100-112 (1954).

41. Naumova, E. A. et al. Fluoride bioavailability in saliva and plaque. BMC Oral Health 12, 3, doi: 10.1186/1472-6831-12-3 (2012a).

42. Holmberg, K. A concept for friction mechanisms of coated surfaces. Surface and Coatings Technology, 1-10 (1992).

43. Arnold, W. H. et al. Effect of fluoride toothpastes on enamel demineralization. BMC Oral Health 6, 8, doi: 10.1186/1472-6831-6-8
(2006).

44. Vogel, G. L. Oral fluoride reservoirs and the prevention of dental caries. Monographs in oral science 22, 146-157, doi:
10.1159/000325166 (2011).

45. Lagerlof, E, Oliveby, A. & Ekstrand, J. Physiological factors influencing salivary clearance of sugar and fluoride. Journal of dental
research 66, 430-435 (1987).

46. Buzalaf, M. A,, Pessan, J. P,, Honério, H. M. & J. M.. t. C. In Fluoride and the Oral Environment. Vol. 22 Monogr Oral Sci (ed M. A.
Buzalaf) 97-114 (Karger, 2011).

47. Ten Cate, ]. M. Fluorides in caries prevention and control: empiricism or science. Caries research 38, 254-257, doi: 10.1159/000077763
(2004).

48. Bruun, C., Givskov, H. & Thylstrup, A. Whole saliva fluoride after toothbrushing with NaF and MFP dentifrices with different F
concentrations. Caries research 18, 282-288 (1984).

49. Naumova, E. A. et al. Fluoride bioavailability in saliva during acute psychological stress. Centr Eur ] Med 7, 481-489 (2012b).

Acknowledgements

We thank Mrs. S. Haussmann for preparing the specimens for histology and SEM and Prof. Dr. Dr. h.c. P. Gaengler
for the discussions of the study design. DGZ (Deutsche Gesellschaft fiir Zahnerhaltung), Witten/Herdecke
University supported this study. CP GABA GmbH, Hamburg, Germany provided ELMEX® toothpaste and
ELMEX® toothbrushes. One Drop Only, GmbH, Berlin, Germany provided the tongue cleaner.

Author Contributions

E.A.N. Planning the experiments, writing the manuscript. C.D. Sample collection and F measurement of the tongue
coating (AmF). R.J. Sample collection and F measurement of the palatal epithelial surface (AmF). EK. Sample
collection and F measurement of the cheek epithelial surface (AmF). H.R. Sample collection and F measurement
of the mouth floor epithelial surface (AmF). K.S. Sample collection and F measurement after NaF application. T.S.
Statistical analysis. S.Z. Organization of the experiments, manuscript correction. W.H.A. Supervisor of the study,
fluorescence microscopy, final manuscript approval

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Naumova, E. A. et al. Dynamics of Fluoride Bioavailability in the Biofilms of Different
Oral Surfaces after Amine Fluoride and Sodium Fluoride Application. Sci. Rep. 6, 18729; doi: 10.1038/srep18729
(2016).

SCIENTIFICREPORTS | 6:18729 | DOI: 10.1038/srep18729 8



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:18729 | DOI: 10.1038/srep18729 9


http://creativecommons.org/licenses/by/4.0/

	Dynamics of Fluoride Bioavailability in the Biofilms of Different Oral Surfaces after Amine Fluoride and Sodium Fluoride Ap ...
	Materials and Methods

	Subjects. 
	Study design. 
	Tooth brushing and collection of saliva, tongue coating and oral biofilm samples. 
	Fluoride concentration. 
	Statistical methods. 

	Results

	Fluoride measurements. 
	Fluoride concentrations at the different collection times. 
	Variability of the fluoride concentration. 

	Discussion

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Collection areas in the different oral niches: (a) tongue, (b) palate, (c) mouth floor and (d) cheeks.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Fluorescence microphotograph of the biofilm of the cheek surface collected with periopaper and stained with life – dead bacterial staining.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Boxplot graphics of the dynamics of the fluoride concentration in different areas of the oral cavity after AmF and NaF application.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Boxplot graphics of the dynamics of the variation of fluoride concentration after application of AmF and NaF.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Boxplot graphics of the fluoride concentration at the different collection times after AmF application.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Boxplot graphics of the fluoride concentration at the different collection times after NaF application.
	﻿Table 1﻿﻿. ﻿  Descriptive statistical data of the AUC after AmF administration.
	﻿Table 2﻿﻿. ﻿  Descriptive statistical data of the variability of the fluoride concentration after AmF administration.
	﻿Table 3﻿﻿. ﻿  Descriptive statistical data of the variability of the fluoride concentration after NaF administration.
	﻿Table 4﻿﻿. ﻿ Descriptive statistical data of the AUC after NaF administration.



 
    
       
          application/pdf
          
             
                Dynamics of Fluoride Bioavailability in the Biofilms of Different Oral Surfaces after Amine Fluoride and Sodium Fluoride Application
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18729
            
         
          
             
                Ella A. Naumova
                Christoph Dickten
                Rico Jung
                Florian Krauss
                Henrik Rübesamen
                Katharina Schmütsch
                Tudor Sandulescu
                Stefan Zimmer
                Wolfgang H. Arnold
            
         
          doi:10.1038/srep18729
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18729
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18729
            
         
      
       
          
          
          
             
                doi:10.1038/srep18729
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18729
            
         
          
          
      
       
       
          True
      
   




