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Abstract
Background: Low temperature atmospheric plasma has been studied in biomedical �elds but the �uoride
application effect of plasma on deciduous teeth has not been studied. This study examined the �uoride
application effect of plasma devices (low frequency helium and microwave argon plasma) on the enamel
surface of deciduous teeth.

Methods: In the tooth specimens of the control group, only 1.23% acidulated phosphate �uoride (APF) gel
was applied, whereas APF gel and plasma were applied to the specimens of the experiment group. The
�uoride on the enamel surface was measured at different treatment times, and its retentivity was also
observed over a 4 week period using an electron probe micro analyzer, which is a strong detector of
�uoride. The study protocol was reviewed by the Institutional Review Board (IRB; PNUDH-2014-026) of
Pusan National University Hospital.

Results: More �uoride was measured and maintained in the experiment group than the control group, and
the amount of coated �uoride increased with increasing applied frequency. A comparison of two types of
plasma revealed the microwave argon plasma to have a higher application effect of �uoride than the low
frequency helium plasma. This study suggests that �uoride application using plasma could be an
effective and lasts longer than the method of applying only �uoride.

Conclusion: The �uoride application with low temperature atmospheric plasma which is safe device is an
innovative method to prevent dental caries and decrease number of visiting to dental clinic in children.

Background
Dental caries is a major oral disease [1], in which the acid produced by bacteria induces mineral loss in
teeth [2]. In particular, caries of the primary tooth can progress quickly because it has a more porous
structure and more carbonate than permanent teeth [3]. In addition, a variety of factors, such as eating
habits, lack of knowledge of the parents and inadequate dental hygiene, are also reasons for the increase
the caries development [4].

The progress of the initial caries can be suppressed by remineralizing tooth surface. Fluoride is known to
be involved in remineralization of tooth surface [5], so it is used widely in toothpaste, mouth rinses, gels,
varnishes, and water �uoridation [6–9]. According to Delbem and Cury, acidulated phosphate �uoride
(APF) gel has a more effective reduction ratio in demineralization and �uoride adsorption on the tooth
enamel than sodium �uoride (NaF) [10]. After �uoride application, a large amount of calcium �uoride is
washed out of the mouth within a short period, so that �uoridation needs to be re-applied at one week
intervals [11]. However, repeated ingestion of �uoride can cause �uorosis in children who swallow the gel
during the procedure [12]. Therefore, a novel technique that e�ciently applies �uoride to the tooth enamel
with a small number of applications is required.
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Plasma is called the fourth state of matter. Gases enter a plasma state by separating into electrons and
nuclei upon exposure to high energy. Although plasma has been used widely in the industrial area, a low
temperature atmospheric pressure plasma was developed for applications to biomedicine. Over the last
decade, low temperature atmospheric plasma has shown a range of biomedical effects, such as
anticancer effects [13], bacteria sterilizatio [14], wound healing [15], coagulation [16], and tooth bleaching
[17]. On the other hand, the plasma effect on �uoride application in connection to the caries prevention of
deciduous teeth has not been studied. It was hypothesized that a plasma treatment could bind �uoride to
the tooth surface because it is composed of abundant active species, free electrons and ions.

Until recently, the histological and physical properties of the enamel surface have been evaluated using a
microhardness tester, scanning electron microscopy and polarizing microscopy. In particular, regarding
�uoride research for applying to the enamel surface, the quantity of �uoride existing on the tooth surface
was analyzed in most studies by measuring the hardness of the tooth after a �uoride treatment using a
microhardness tester [18, 19]. These methods are an indirect evaluation of the effect of a �uoride
application, so an accurate and direct measuring method for analyzing small amounts of �uoride is
needed. In this study, the �uoride application effect was assessed by electron probe micro analyzer
(EPMA), in which the weight percentage of �uoride was detected.

Therefore, this study investigated the �uoride application effect after applying a 1.23% APF gel to the
deciduous tooth enamel using low frequency helium plasma and microwave argon plasma, which have
been used actively in biomedical applications in recent years. The effects of �uoride application and
maintenance on the deciduous tooth enamel were studied, and the e�ciency of both plasmas was
compared.

Materials And Methods
Specimens preparation

The extracted or exfoliated human deciduous teeth without caries history were used. All teeth were
washed thoroughly and soft tissues were removed using a scaler. The teeth were stored in a 0.4% sodium
azide solution (Sigma, St. Louis, MO, USA) to inhibit microbial growth until needed. Six hundred and forty
enamel specimens were cut into 2 mm x 5 mm x 1mm pieces using a water-cooled diamond saw
(Minitom Struers, Copenhagen, Denmark) and stored in distilled water. The specimens were divided into
half and each half of the specimens was used in the experiment using low frequency helium plasma and
microwave argon plasma, respectively. The 320 specimens were divided into the control group (group C,
n=160) and experiment group (group E, n=160). The study protocol was reviewed by the Institutional
Review Board (IRB; PNUDH-2014-026) of Pusan National University Hospital.

Low frequency helium plasma device

The low frequency plasma jet (Figure 1a) is a Dielectric barrier discharge (DBD) based design, where a
quartz tube is used as the dielectric layer. Voltages between 10 kV and 12 kV are applied using a
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sinusoidal power supply at frequencies of around 10 kHz. Helium gas is blown through the inner powered
electrode at �ow rates between the 2 and 5 slm (standard liters per minutes) range. The plasma plume
generated by this device has lengths between 5 and 10 mm, which depends on the applied voltage.

Microwave argon plasma device

The microwave plasma device (Figure 1b) is a capacitively-coupled device that consists of two co-axial
electrodes. The outer electrode is grounded while the central electrode is excited by a microwave
generator using a 900 MHz microwave power generated by a compact size power module. Argon gas is
blown through the small holes and �owed between the outer and inner electrode. A plasma plume can be
generated to lengths between 8 and 10mm.

Treatments

The 1.23% APF gel (60 Second Taste® Gel, Pascal, Bellevue, USA) was used. In the control group, the
1.23% APF gel was applied to the enamel surface of a specimen to a 2 mm thickness using a cotton bud.
In the experiment group, the middle of the enamel specimen treated with the APF gel was exposed to the
plasma jet. The treatment time was 3 min. After 3 min, the residue on the specimen was removed using a
cotton swab and the specimen was immersed in arti�cial saliva (Taliva, Hanlim, Seoul, Korea) for 30 min.
One hundred sixty specimens from each group were divided into eight specimens to examine the
maintenance effect depending on the applied frequency. The treatment was applied four times (group C
or E-times) at one week intervals and the specimens were immersed in arti�cial saliva for one week, two
weeks, three weeks, and four weeks at each treatment respectively (group C or E-times-week). The
arti�cial saliva was changed every day (Figure 2).

EPMA analysis

The �uoride on the enamel surface of the deciduous teeth was detected to measure the �uoride
application effect by EPMA (SX100, CAMECA, Corbevoie, France). The specimens were washed with
distilled water, dried and coated with carbon for EPMA. EPMA was performed at an accelerating voltage
of 15 keV, a beam current 20 nA, a beam size 10 μm, and a peak time 10 sec. The �uoride was measured
in weight percent (wt.%).

Statistical analysis

Values, such as the average and standard error of the amount of �uoride measured on the enamel
surface were analyzed statistically using SPSS (IBM Statistics 21, IBM, New York, USA). A comparison of
the control and experiment group was performed using a student t-test. The statistical signi�cance was
set to 95% for all statistical tests.

Results
Fluoride application using low frequency helium plasma
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The amount of �uoride became markedly higher with increasing number of �uoride treatments in the
control group (group C-1 = 2.92, C-2 = 7.15, C-3 = 11.29 and C-4 = 13.29) and experiment group (group E-1
= 5.34, E-2 = 11.78, E-3 = 14.02 and E-4 = 17.1) (Figure 3a). When the treatment was performed 2 or more
times, the amount of �uoride was signi�cantly higher in the experimental group than that in the control
group (p < 0.05). In the maintenance effect, �uoride was maintained longer in the experiment group than
the control group. When the treatment was performed once, �uoride was not detected in group C, whereas
it was detected until 1 week in group E (group E-1-1 = 1.18) (Figure 3b). When the treatment was
performed twice, �uoride was detected until 1 week in both groups (group C-2-1 = 2.07 and E-2-1 = 4.31)
(Figure 3c). When the treatment was performed 3 times, �uoride was detected until 2 weeks in both
groups (group C-3-1 = 7.54, C-3-2 = 3.02, E-3-1 = 10.55 and E-3-2 = 6.72) and signi�cant difference was
shown at 2 weeks (Figure 3d). When the treatment was done 4 times, �uoride was detected until 2 weeks
in group C (group C-4-1 = 9.96 and 4-2 = 3.24), but �uoride was detected until 4 weeks in group E (group
E-4-1 = 11.81, 4-2 = 8.08, 4-3 = 5.91 and 4-4 = 2.66) (Figure 3e). Moreover, the amount of �uoride was
signi�cantly higher in the group E than that in the group C after 2 weeks (p < 0.05).

Fluoride application using microwave argon plasma

The �uoride application results using the microwave argon plasma were similar to those obtained using
low frequency helium plasma. In terms of the �uoride application effect depending on the frequency of
treatment, more �uoride was detected in group E (group E-1 = 8.99, E-2 = 14.03, E-3 = 22.21 and E-4 =
25.48) than group C (group C-1 = 2.7, C-2 = 7.48, C-3 = 10.6 and C-4 = 14.48) (Figure 4a). When the
treatment was performed 3 and 4 times, group E was signi�cantly more effective than group C (p < 0.05).
When the treatment was conducted once, after 1 week, �uoride was detected in group E (group E-1-1 =
2.02) (Figure 4b). When the treatment was performed 2 times, �uoride was detected until 1 week in both
groups (group C-2-1 = 3.14 and E-2-1 = 5.38) (Figure 4c). When the treatment was conducted 3 times,
�uoride was detected until 2 weeks in group C (group C-3-1 = 7.17 and 3-2 = 3.17), whereas in group E, it
was detected until 3 weeks (group E-3-1 = 18.26, 3-2 = 12.23 and 3-3 = 6.45) and a signi�cant difference
was observed until 3 weeks (p < 0.05) (Figure 4d). When the treatment was performed 4 times, �uoride
was detected until 2weeks in group C (group C-4-1 = 10.62 and 4-2 = 3.55), whereas in group E, it was
detected until 4weeks (group-E 4-1 = 20.91, 4-2 = 13.41, 4-3 = 10.86 and 4-4 = 7.58) and a signi�cant
difference was observed until 4 weeks (p < 0.05) (Figure 4e). In comparison to low frequency plasma and
microwave plasma, the detected �uoride when used microwave plasma was signi�cantly higher in the
group E-3, E-3-1, E-3-2, E-3-3, E-4, E-4-1, E-4-2, E-4-3 and E-4-4 than that when used low frequency plasma
(p < 0.05).

Discussion
This study examined the effects of �uoride application by low temperature atmospheric plasma on the
deciduous tooth enamel. More �uoride was detected and was maintained for a longer time when the
tooth enamel specimens were given the combination treatment of plasma and APF gel than the APF gel
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only. This means that the plasma treatment accelerates the combination of �uoride with the enamel
surface.

Many types of �uoride are used by professionals in dental clinics. The APF gel, NaF solution and �uoride
varnish are used mostly. In this preliminary experiment, when permanent tooth is treated with a NaF
solution, varnish or APF gel, the APF gel was found to produce the most effective �uoride application; the
others rarely showed an application effect. These results are supported by another study showing that
the APF gel with a laser was more effective in preventing enamel erosion than a varnish with a laser [20].
Magalhães et al. [21] reported that the resistance to dentin erosion was increased using a laser in
combination with an APF gel than varnish. Therefore, the APF gel was used in this study. In addition, the
pH of the APF gel was slightly lower than neutrality. The acid �uoride decreases the mineral loss by
producing more calcium �uoride [22] and increases the insolubility of calcium �uoride, which suppresses
demineralization and increases remineralization [23].

Laser irradiation alone or combined with APF decreased lesion progression in primary enamel. Many
studies have focused on the application of �uoride in regard to lasers, which can be compared with
plasma. Hicks et al. [24] reported that a treatment of deciduous teeth with APF gel and argon laser would
provide a protective layer to dental caries. On the other hand, Azevedo et al. [25] suggested that a
treatment with a Nd:YAG laser and �uoride simultaneously to the primary tooth enamel did not result in
the same degree of synergy to prevent the demineralization of enamel compared to the treatment with
�uoride only. Taqliaferro et al. [26] reported that lesion progression on deciduous tooth is reduced when
processed with a carbon dioxide laser alone or combined with APF gel. However, they demonstrated that
a combined treatment would not have any additional signi�cant effect. Similarly, the effect differs
according to the �uoride types, laser intensity, experimental methods, and substrates. Moreover, a high-
intensity laser may cause thermal damage [27] and tissue ablation in the adjacent tissues [28]. Therefore,
it is inadequate as a complementary unit for applying �uoride. In addition, a laser has linearity; thus, it
has some limitations when applied to the oral tissues with an irregular structure. In contrast, plasma is a
form of low temperature ionized gas. Therefore, it has the advantage as a high degree of accessibility to
complex oral tissues. Moreover, it causes no damage to the tissues.

EPMA is normally utilized in the qualitative and quantitative analysis of materials in metallography and
geology. Recently, the utility of EPMA is being proved in the biological �eld. EPMA utilizes an energy
dispersive spectrometer (EDS) and wavelength dispersive spectrometer (WDS) depending on the
detection method of X-ray. With an EDS, it is di�cult to determine the elements accurately when the
peaks overlap. Furthermore, it makes it di�cult to conduct accurate measurements when the content of
the element in a specimen is small. In contrast, WDS can analyze even small amounts of an element.

Low frequency plasma and microwave plasma used in this experiment were effective in improving the
�uoride uptake and its retentivity of enamel surface. When applying �uoride twice with subsequent the
application of plasma after each �uoride application, the amount of �uoride analyzed in the enamel was
similar to or greater than the amount of �uoride retained when applying �uoride 4 times in the absence of
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plasma. The retentivity lasted only for approximately 1 to 2 weeks when �uoride was applied 4 times in
the absence of plasma. In contrast, �uoride was detected for up to 4 weeks from the group that had been
given both �uoride and plasma. This means that the caries suppression effect would last longer for a
deciduous tooth that is vulnerable to dental caries when the �uoride remains on tooth surface for a longer
period. Fluoridation of enamel is generally considered to be a means of maintaining a �uoride ‘reservoir’,
rather than being a bene�t in itself. The effect of such �uoridation can be enhanced by applying the
plasma and �uoride together. Despite this being an in vitro experiment, the application of �uoride using
plasma would be quite effective if the aforementioned patterns last clinically.

In the process of �uoride combining to tooth enamel, calcium �uoride is formed and turned into
�uorapatite. The mechanism of �uoride combining to apatite structure of tooth involves four phases:
adsorption, exchange, recrystallization and crystal growth. In the adsorption phase, �uoride is easily
detached from the tooth surface because hydroxyapatite of tooth does not expose the binding sites to
�uoride.29 However, the high energy of electron generated from plasma can su�ciently break down the
chemical bondage of hydroxyapatite. Therefore, plasma treatment could expose numerous binding sites
of hydroxyapatite at Ca2 + and Ca10(PO4)6- to �uoride. So �uoride application can produce a large
amount of calcium �uoride and �uorapatite when hydroxyapatite of tooth is treated with plasma. In our
previous study, as for the resistance to demineralization, the calcium-to-phosphate ratio of the enamel
treated with APF and nonthermal atmospheric plasma was higher than that treated with APF alone, and it
increased with the frequency of treatment [30]. So the combination treatment of nonthermal atmospheric
plasma and �uoride improves retention of �uoride on the enamel and resistance to demineralization
when compared with treatment with �uoride alone.

In this experiment, more �uoride was detected in the treatment using a microwave argon plasma than the
low frequency helium plasma. This is because of the difference in frequency and gas. This supports the
result of previous research in that argon gas would create a higher current density and more active
species than helium gas [31]. In addition, microwave plasma has a high frequency, thereby creating more
energetic electrons than what a low frequency plasma would create [32]. The hydroxyl radical (OH) is an
active oxygen species, which alters the surface characteristics by being integrated with the tooth
surface.33 In addition, it is believed that the a�nity to �uoride is improved because the OH radicals
formed in the plasma modify the structure of hydroxyapatite forming the tooth surface. These changes in
the surface characteristics might in�uence the �uoride application effect. Plasma has an oral microbial
killing effect [33]. Therefore, it would be possible to prevent cavities in a more complex manner by making
oral bacteria inactive through the application of �uoride. Overall, it will be necessary to analyze accurately
the mechanism regarding to the role of plasma in the application of �uoride.

Conclusion
The application of �uoride and plasma to deciduous teeth is more effective and lasts longer than the
method of applying only �uoride. The �uoride application with low temperature atmospheric plasma
which is safe device is an innovative method to prevent dental caries of deciduous teeth.
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Figure 1

Schematic diagrams of the plasma devices. (a) low frequency helium plasma, (b) microwave argon
plasma device.
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Figure 2

Schematic diagram of the study protocol. The treatment was applied at one week intervals and the
specimens were immersed in arti�cial saliva during the experiment.

Figure 3

Result using a low frequency helium plasma. (a) Mean �uoride content on the specimens surface
according to the number of times, (b) Mean �uoride content when the specimens were immersed until 4
weeks after the treatment was done once, (c) Mean �uoride content when the specimens were immersed
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until 4 weeks after treatment was done twice, (d) Mean �uoride content when the specimens were
immersed until 4 weeks after the treatment was done 3 times, (e) Mean �uoride content when the
specimens were immersed until 4 weeks after the treatment was done 4 times.

Figure 4

Result using a microwave argon plasma. (a) Mean �uoride content on the specimen surface according to
the number of times, (b) Mean �uoride content when the specimens were immersed until 4 weeks after
the treatment was done once, (c) Mean �uoride content when the specimens were immersed until 4
weeks after the treatment was done twice, (d) Mean �uoride content when the specimens were immersed
until 4 weeks after the treatment was done 3 times, (e) Mean �uoride content when the specimens were
immersed until 4 weeks after the treatment was done 4 times.


