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Abstract: Dentin hypersensitivity is a common disease of the oral cavity, which renders the tooth
extremely sensitive to stimuli. These symptoms usually result from the exposure of the dentinal
tubules to the external environment. There is a need for a treatment for dentinal hypersensitivity that
can overcome the shortcomings of the existing agents. This study thus aimed to assess the therapeutic
efficacy of no-ozone cold plasma (NCP), which was developed for safe use in the oral cavity, in
conjunction with 1.23% acidulated phosphate fluoride (APF) and hydroxyapatite (HA), which are
widely used conventional treatments of hypersensitivity. The fluoride content was evaluated using
electron probe micro-analyzer (EPMA) analysis. Moreover, we confirmed the effect of NCP pre-
treatment on the dentinal tubule occlusion by APF and HA as follows: scanning electron microscopy
and energy dispersive X-ray spectrometry were employed to analyze the exposed dentinal tubules,
and the calcium and phosphorus content were measured. Furthermore, an additional experiment
was conducted using a metal mesh to analyze the working elements of NCP. All experimental results
were analyzed by one-way analysis of variance and then by using the Turkey test as a post hoc test.
EPMA analysis confirmed that the fluoride content of the APF and NCP group was significantly
higher than that of the APF group (p < 0.001). The fluoride content of the group treated with APF and
NCP equipped with a metal mesh was significantly lower than that in the group treated with APF
and NCP and the group treated with APF and NCP equipped with a cotton mesh (p < 0.01). Moreover,
the group treated with NCP pre-treated with HA and APF exhibited significantly greater dentinal
tubule occlusion than the other groups (p < 0.05). The same result was confirmed by calculating the
calcium/phosphorus ratio (p < 0.05). Pre-treatment of the enamel and dentin surfaces with plasma
improved hypersensitivity by enhancing fluoride deposition with APF and dentinal tubule occlusion
with HA.

Keywords: acidulated phosphate fluoride; dentin hypersensitivity; dentin tubule occlusion;
hydroxyapatite; no-ozone cold plasma

1. Introduction

Dentin hypersensitivity is a dental condition which is defined as a condition with sharp
pain caused by extrinsic stimuli on the abnormally exposed dentin surface [1,2]. The etiology
of dentin hypersensitivity includes dental caries, gingival recession, chronic trauma from
improper brushing, and damage to the gingival tissue after periodontal treatment [3–5]. Dentin
hypersensitivity reportedly occurs in 8–35% of individuals, mainly in adolescents and adults,
and is predominantly more common in women than in men [6]. According to the hydrodynamic
theory, which is the most widely accepted explanation for dentin hypersensitivity, pain results
from liquid moving through dentinal tubules as a result of external stimulation of exposed
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dentin [7,8]. The number and diameter of the dentinal tubules are known to be the most
important factors affecting dentin hypersensitivity [9–12]. In addition, the number of dentinal
tubules per area is reportedly higher in teeth with hypersensitivity and the diameter is twice
that of normal teeth [13]. One study also reported that the diameter of the dentinal tubule has
a tremendous effect on permeability, as the latter increases 16-fold when the diameter of the
dentinal tubule is increased by approximately 2-fold [14].

Therefore, it is important to increase the concentration of potassium ions that induce
nerve depolarization to block sensory nerve excitation in the pulp, reduce permeability of
the dentinal tubule, and occlude the exposed dentinal tubule for the treatment of dentin
hypersensitivity [15]. Inhibiting flow within dentin by physically closing the dentinal
tubules is a widely used method for treating dentin hypersensitivity.

Kijsamanmith et al. reported the effect of sodium fluoride (NaF) on hypersensitivity;
NaF-containing toothpaste and high-concentration NaF solutions are mainly used to relieve
dentin hypersensitivity [16]. Because F− has an affinity for Ca, it creates a barrier via the
formation of calcium fluoride (CaF2) crystals on the tooth surface, conferring resistance
to external stimuli. However, since CaF2 crystals are extremely small (about 0.05 µm)
and easily soluble in saliva, F− undergoes rapid dissipation in the oral cavity, limiting its
therapeutic effect for dentin hypersensitivity [17]. In addition, topical application of high
concentrations of F− evinces a temporary effect within a short period of time; however, it
may be toxic to odontoblasts [18].

Hydroxyapatite (HA) is another widely used material for occluding the dentinal
tubules. The chemical formula of HA is Ca10(PO4)6(OH)2, which accounts for 97% of the
tooth enamel component [19]. HA, a representative biomaterial, has widespread application
as a coating material for titanium implants and as a bone graft material, owing to its bone
conduction properties in vivo and promotion of bone formation without toxicity [20].
According to Braun et al. [21], postoperative hypersensitivity was reduced when sub-
gingival calculus removal was performed using an ultrasonic device containing polishing
fluid with HA granules. Toothpastes containing nano-HA can yield a considerably higher
re-mineralization effect than amine fluoride-based toothpastes [22]. However, HA can be
distributed to any location in the body, such as the lungs and liver, via blood circulation
when it is not properly attached to the dentinal tubules in the teeth [23]. There is a need for
a treatment that can overcome the shortcomings of the existing agents, reduce their side
effects, and act synergistically when used in conjunction with other agents. Therefore, this
study investigated the utility of plasma for the effective treatment of dentin hypersensitivity.

Plasma is a fourth-phase material generated when additional energy is applied to a
gas, which is the third phase of the material, and refers to an ionized gas state. Recently,
the development of a technology for generating plasma even at a very low temperature
has led to various studies on the use of low-temperature plasma in the medical and dental
fields. Various studies have reported the effectiveness of low-temperature plasma in
tooth whitening [24], dentinal hypersensitivity reduction [25], sterilizing effect on oral
microorganisms [26], cancer cell death [27], and osteoblast differentiation [28]. In our
previous study, we reported that a low-temperature helium plasma jet enhanced the
fluoridation effect of teeth using 1.23% acidulated phosphate fluoride (APF). However, it
could not be directly applied to the oral cavity, which is located in close proximity to the
respiratory system, because the danger of ozone could not be eliminated. Additionally, the
specific mechanism of plasma treatment has not been elucidated.

This study, therefore, involved two kinds of experiments. While our previous study
examined the effects of APF and HA, which are often used to treat dental hypersensitivity, to
the best of our knowledge, this is the first study employing mesh to confirm the mechanism
of action of no-ozone cold plasma (NCP) [29,30]. The tooth surface was pre-treated with
the newly developed NCP (which suppress the release of ozone as much as possible) to
confirm whether it would enhance the hypersensitivity amelioration effect of APF and HA
and to identify the mechanism of action of NCP using mesh.
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2. Materials and Methods
2.1. Materials

In this experiment, 1.23% APF gel (3D Dental, Houston, TX, USA) was used for
topical application. The HA slurry was prepared using 60 nm nano-HA particles (MKnano,
Mississauga, ON, Canada) and sodium carboxymethyl cellulose (CMC; Sigma-Aldrich,
St Louis, MO, USA).

2.2. Tooth Preparation

A total of 54 human mandibular third molars without dental caries or restoration were
used in the study. The tooth, which is a wisdom tooth that is mostly incapable of mastication,
was extracted by an oral and maxillofacial surgeon at Pusan National University Dental
Hospital in Republic of Korea. The tooth specimens used in the experiment were sectioned
by separating the crown and root areas using a water-cooled diamond saw (Minitom;
Struers, Copenhagen, Denmark). Thereafter, the crown portion was flat polished and cut
to a thickness of 1 mm to prepare an enamel specimen measuring 1 × 3 mm. The enamel
was removed from the dentin sample and cut to a thickness of 0.8 mm with a diamond
wheel saw to prepare a circular dentin specimen (Figure 1). To prevent contamination with
bacteria until usage, they were kept in a solution of 0.4% sodium azide (Sigma-Aldrich, St
Louis, MO, USA) and maintained at a temperature of 4 ◦C. This study was approved by
the Institutional Review Board of Pusan National University (PNU IRB/2021_81_ BR).
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Figure 1. Human enamel and dentin specimen preparation EPMA: electron probe microanalyzer,
SEM: scanning electron microscopy, EDS: energy dispersive X-ray spectrometry.

2.3. Plasma Device

The plasma generator used in this study is a research device developed by Feagle
Co., Ltd. (Yangsan, Republic of Korea). NCP, a plasma generation technology developed
to reduce ozone release during plasma generation, was used in this device. The ozone
level of the NCP device used was 0.006 ppm, which is approximately 10 times lower
than the FDA recommended level of 0.05 ppm [29]. The device consists of a main body
composed of a switched-mode power supply, solenoid valve, gas flow rate controller,
high-voltage circuit, and hand-piece that generates plasma (Figure 2). A coaxial dielectric
barrier discharge-type plasma source is installed within the handpiece, which consists of
an inner electrode of stainless steel and an outer electrode surrounding the outer diameter
of the ceramic nozzle. A Luer Lock-type fastening component is placed at the end of the
hand-piece plasma-generating nozzle to permit the attachment of various tips. When the
start button is pressed, argon gas flows between the inner electrode and ceramic nozzle at a
rate of 2 standard L per min, and an output voltage of 3 kVp with a frequency of 20 kHz is
applied to the electrodes at both ends to generate plasma. The mesh used to investigate the
mechanism (Feagle Co., Ltd.) is fabricated using cotton or metal and equipped with the
same opening/closing rate and can be installed in the plasma outlet of the NCP device. In
the case of the metal mesh, the ground wire is connected such that the charged particles of
the NCP are not transferred to the sample.
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Figure 2. Schematic diagram of the NCP device used in the experiment. NCP: no-ozone cold plasma.

2.4. Electron Probe Microanalyzer Analysis

The impact of NCP pre-treatment on the effect of dental fluoride, i.e., APF application
was determined by pre-treating the prepared enamel specimens with NCP for 3 min,
followed by APF alone. The distance between the enamel specimen and NCP was 10 mm.
Each specimen (n = 9) was treated with APF and NCP once daily for 4 days. Subsequently,
the teeth were brushed with distilled water, and treated with artificial saliva at room
temperature for 30 min, and dried. The mesh experiment was conducted to confirm the
working element of plasma, which is important for the effect of NCP on F− application.

The dielectric mesh was made from cotton mesh, so that most of the NCP working
elements can pass through it, though the flow rate of NCP can be limited. The electric
grounded mesh, on the other hand, was created utilizing a copper mesh that was directly
connected to the ground panel of the power supply device, therefore eliminating the
impacts of charged particles from NCP (Figure 3) [30]. Each prepared enamel sample was
divided into four experimental groups as follows (n = 9): APF treatment alone, APF+ NCP,
and treatment with NCP equipped with a cloth mesh at the end of the NCP device (APF+
NCP dielectric mesh (DE)), and treatment with NCP equipped with an electric grounded
mesh at the end of the NCP device (APF+ NCP grounded electric mesh (EG)). After APF
and NCP treatment, the teeth were brushed with distilled water, treated with artificial
saliva at room temperature for 30 min, and dried. After all treatments were completed,
the F− content of each sample was analyzed using field emission electron probe micro-
analyzer (FE-EPMA) equipment (JXA-8530F, JEOL, Tokyo, Japan) capable of qualitative
and quantitative analysis of the microelements. The measurements were conducted by
randomly designating the site of each specimen to ensure the accuracy and objectivity of
the results [25].
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2.5. Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometry Analysis

Each specimen was treated with 18% EDTA (Sigma-Aldrich, St Louis, MO, USA) for
30 s to remove the smear layer from the prepared dentin specimen to confirm the efficacy of
NCP pre-treatment in occluding the dentin tubules. The prepared specimens were divided
into five experimental groups (n = 9): non-treated group (NT) after EDTA treatment, HA
treatment group, APF treatment group, HA and APF treatment group, and a group treated
with a mixture of HA and APF after NCP pre-treatment. In total, 0.1 g powdered HA was
converted into gel form using 0.5 g CMC and distilled water for ease of handling. The
treatment time for all experiments was 3 min. The samples were brushed with distilled
water, followed by treatment with artificial saliva for 30 min and drying in a dry oven.
To confirm the occlusion of the dentinal tubules, images were captured using a SUPRA
25 FE-SEM (ZEISS, Oberkochen, Germany). All dried dentin specimens were fixed on an
aluminum plate coated with platinum using a vacuum, and scanning electron microscopy
(SEM) was performed at an accelerated voltage of 10 kV. The photographed image was
obtained by randomly selecting the area of the specimen at a magnification of 1000×.
Closure of the dentinal tubules in each sample was evaluated by counting the number of
exposed dentin tubules, and the average value was determined. Energy dispersive X-ray
spectrometry (EDS) (Supra 25 VP, Carl Zeiss, Germany) was performed to quantify the
elements formed on the dentin specimens. Area scan component analysis was performed
using EDS at 15 kV and 200×, and the content of Ca and P was measured by designating
an area of the same size by dividing the dentin specimen into the upper, lower, left, and
right quadrants [31]. The measured Ca and P values were used to calculate the Ca/P ratio
and displayed on a graph.

2.6. Statistical Analysis

All experimental results were analyzed using SPSS Version 24 statistical software
package (IBM, Chicago, IL, USA). Tukey’s post hoc test was used to verify significant
differences between the control and experimental groups after the one-way analysis of
variance. Significance levels were set at p < 0.05, 0.01, and 0.001.

3. Results
3.1. F− Level Measurement Using EPMA Analysis

The F− content of each sample was quantified using EPMA analysis to confirm the
effect of NCP on APF application, as shown in Figure 4a. It confirmed that the F− value of
the APF-treated group after only one application of NCP for 3 min was significantly higher
by approximately two times than that of the APF-only group (p < 0.001). Moreover, in the
group treated with APF after NCP pre-treatment, the F− content of the enamel specimen
increased significantly with the increase in the number of treatments (approximately 0.18%
for one time, 0.36% for two times, 0.53% for three times, and 0.56% for four times). In con-
trast, in the case of enamel specimens treated with APF alone, F− content was maintained
at approximately 0.9 to 0.1% for one to three applications, but a slight increase in the F−

content to approximately 0.2% was observed at four applications.

3.2. Effect of Two Types of Meshes on the Improvement of APF Application via NCP Pre-Treatment

Among the various working elements of NCP, two types of meshes were investigated to
identify the most important factor responsible for enhancing the APF effect due to NCP pre-
treatment (Figure 4b). The F− content increased approximately fourfold in the group treated
with APF after NCP pre-treatment compared to that in the group treated with APF alone. The
F− content increased fourfold after NCP pre-treatment with a cotton mesh (DE). However,
pre-treatment with NCP equipped with an electric grounded (EG) mesh significantly reduced
the F− content compared to the other NCP treatment groups (p < 0.01).
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Figure 4. F− Level Measurement Using EPMA Analysis: (a) Fluoride level measurement via EPMA
analysis after NCP pre-treatment (*** p < 0.001); (b) Evaluation of the effect of fluoride application of
NCP using a mesh (** p < 0.01) EPMA: electron probe microanalyzer, NCP: no-ozone cold plasma.

3.3. Dentinal Tubule Occlusion: SEM Analysis

SEM imaging and analysis were conducted to verify occlusion of the dentinal tubules
by HA, APF, and NCP. All dentinal tubules were exposed in the control group, while the
dentinal tubules were not occluded in the HA-alone and APF-alone groups. The group
treated with a mixture of HA and APF also did not show any occlusive effect on the dentinal
tubule. In contrast, the dentin tubules were significantly occluded in the group treated
with a mixture of HA and APF after plasma pre-treatment with NCP (Figure 5a,b). The
percentage of dentinal tubule occlusion calculated using SEM was as follows: control group,
0%; HA-only treatment, 0.5%; APF-only treatment, 2%; combination of HA and APF, 2%;
and HA and APF treatment after pre-treatment with NCP, approximately 45%. Dentinal
tubule occlusion was approximately 22.5-fold higher in the group treated with HA and
APF after pre-treatment with NCP (NCP+HA/APF) than that in the group treated with a
combination of HA and APF (HA/APF) (p < 0.05).

3.4. Evaluation of the Dentin Re-Mineralization Effect by NCP Pre-Treatment

The wt% for Ca and P in each group of specimens was analyzed using EDS. The
Ca/P ratio, which was calculated from the wt% values of Ca and P (Figure 5c), was
as follows: control group, 1.92; HA-only group, 2; APF-only group, 2.02; HA and APF
combination group, 2.10; and group treated with HA and APF after NCP pre-treatment,
2.27. Interestingly, no statistically significant difference was observed among the groups
not treated with NCP, whereas the Ca/P value of the group treated with HA/APF after
NCP pre-treatment was significantly higher than that of the other groups (p < 0.05).

Figure 5. Cont.
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Figure 5. Dentinal Tubule Occlusion: SEM Analysis: (a) Observation of the dentinal tubule surface
using SEM analysis after NCP treatment (1000×); (b) Measurement of the dentinal tubule occlusion
rate after NCP treatment (* p < 0.05); (c) Effect of NCP on dentinal tubule re-mineralization (* p < 0.05)
NCP: no-ozone cold plasma, SEM: scanning electron microscopy.

4. Discussion

This study investigated the possibility of increasing the efficacy of APF or HA using
NCP technology developed to safely deliver low-temperature plasma to the oral cavity,
which is located in close proximity to the respiratory system. The dentin is exposed to
various stimuli, resulting in hypersensitivity [32,33]. Although dentin hypersensitivity is
frequently encountered in clinical practice, no effective and reliable treatment method is
available. The treatment methods used so far are divided into self-administered methods,
such as toothpaste or rinses, and professional treatment methods that entail application
of high-concentration fluoride to the tooth surface or resin restorations [34]. To date,
preparations composed of various ingredients have been developed; concoctions containing
biocompatible ingredients such as F−, HA, and carbonate apatite have found widespread
application owing to the ease of use. Several materials have been developed to reduce or
eliminate the pain caused by hypersensitivity to dentin, which generally act by blocking
the dentinal tubule or interfering with nerve impulse transmission.

F−, which is commonly used in clinical practice, forms a protective film by the forma-
tion and deposition of CaF2 on the exposed tooth surface. APF used in the experiment is
known to induce a higher CaF2 concentration in dentin than in enamel, releasing a greater
amount of Ca [18]. However, it does not remain permanently on the tooth surface and
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is easily washed off by the presence of saliva or food, making long-term retention in the
oral cavity difficult. In this study, we examined the utility of low-temperature plasma to
increase the efficacy of APF and HA, which are the most frequently used conventional
materials for the treatment of hypersensitivity. We found that the F− content on the tooth
surface was higher in the experimental group treated with APF after NCP treatment than
that in the group treated with APF alone (Figure 4a). Our previous research found that
the plasma jet generated using helium dramatically increased the F− content of extracted
teeth [25].

The results of this study are consistent with those of previous studies using a helium
plasma jet: the F− coating effect of APF is maintained with NCP pre-treatment, and the
amount of ozone generated is negligible [29] and the plasma plume does not directly contact
the teeth. Two types of meshes that can be mounted on the NCP device were fabricated
and the change in the F− coating effect by NCP was examined in order to determine the
most important working element of NCP (which is little influenced by ozone and heat)
responsible for dental F− coating. According to this experiment, a higher amount of F− was
detected in the group treated with APF after pre-treatment with NCP than the group treated
with only AFP. When a grounded metal mesh was installed for NCP treatment, the value
decreased from 0.41 to 0.06, indicating a drastic reduction in the amount of F− (Figure 4b).
This result is akin to the phenomenon where low-temperature argon plasma-mediated
E-cadherin protein inhibition in HaCaT cells completely disappears when an EG mesh is
applied between the cell and plasma device [35]. In the sample pre-treated with the DE
mesh-equipped NCP, the amount of F− was similar to that of the sample pre-treated with
NCP. These results show that charged particles that can be removed only by the EG mesh
(not chemically active species such as OH− radicals that can pass through both meshes)
play an important role in enhancing the dental F− coating effect of NCP. Furthermore,
the alleviation of dentin hypersensitivity by APF and HA after plasma pre-treatment was
observed. Argon generally lost electrons during the early stages of the argon plasma
formation process, thereby producing argon ions and electrons. The dentin hypersensitivity
impact of NCP in this investigation appears to be caused by charged particles of NCP,
because this effect was lessened by the electrically grounded mesh.

The dentinal tubules of teeth showing dentin hypersensitivity are open, and the
resulting pain is determined by the opening and closing of the dentin tubules [36,37]. SEM
imaging, which was performed to observe the occlusion of the dentinal tubules, followed
by comparative analysis and graph plotting, revealed no statistically significant difference
between the control, HA, APF, and HA/APF groups. On the other hand, pre-treatment with
plasma and HA/APF yielded statistically significant results. After plasma pre-treatment,
the occlusion efficacy was confirmed to be about 22.5 times higher in the experimental
group treated with HA/APF than that in the other groups. Thus, we can infer that plasma
pre-treatment of the tooth surface effectively enhances the adhesion of the HA/APF mixture.
There was no statistically significant difference in the Ca and P content of the untreated,
HA, APF, and HA/APF groups. On the other hand, the group treated with plasma and
HA/APF showed statistically significant results. This shows that HA and APF do not
significantly increase the Ca and P content of the coated dentin, contrary to the results of
previous studies [38]. Previous studies interpreted an increase in Ca and P levels because
the teeth were continuously exposed to the minerals in saliva.

Our results showed that pre-treating dentin with plasma significantly increased the
ability of APF to close the dentin tubules compared to treatment with only HA, APF,
and HA/APF. Pre-treatment with plasma facilitates penetration of the charged particles
into the dentin, so F− and HA can easily penetrate the dentinal tubules, and the surface
area is increased to improve the adhesion with dentin. However, although the effect and
mechanism underlying the amelioration of hypersensitivity after plasma pre-treatment
were verified in vitro in this study, a limitation is that the efficacy was not reported to be
increased in vivo. Future in vivo research is warranted to verify the efficacy of plasma
treatment against hypersensitivity. A more complete verification of the efficacy of NCP
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for resolving hypersensitivity should be conducted through in vivo effect research. Future
studies will examine whether applying fluoride to animal teeth via NCP is more efficient
than the current techniques.

5. Conclusions

In summary, we found that the F− content was significantly higher in the experimental
group treated with APF after plasma pre-treatment than in the experimental group treated
with F− alone, which was attributed to the charged particles of argon plasma. In addition,
plasma pre-treatment aided in stabilization of HA/APF in the dentinal tubule and was
effective in alleviating dental hypersensitivity. Therefore, argon plasma pre-treatment of
the tooth surface may alleviate hypersensitivity, and has the potential to find application
for treating hypersensitivity in the future.
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