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Most dental disorders are related to pathogenic
bacteria. Periodontal disease, one of the most common
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Summary: Recently, plasma sterilization has attracted increasing attention in dental community for the
atmospheric pressure non-equilibrium plasma jet (APNPs), which is driven by a kilohertz pulsed DC
power, may be applied to the dental and oral diseases. However, it is still in doubt whether APNPs can
effectively kill pathogenic bacteria in the oral cavity and produce no harmful effects on normal oral tis-
sues, especially on normal mucosa. The aim of this study was to evaluate the bacterial-killing effect of
APNPs in the biofilms containing a single breed of bacteria (Porphyromonas gingivalis, P.g.), and the
pathological changes of the oral mucosa after treatment by APNPs. P.g. was incubated to form the bio-
films in vitro, and the samples were divided into three groups randomly: group A (blank control); group
B in which the biofilms were treated by APNPs (the setting of the equipment: 10 kHz, 1600 ns and 8
kV); group C in which the biofilms were exposed only to a gas jet without ignition of the plasma. Each
group had three samples and each sample was processed for up to 5 min. The biofilms were then fluo-
rescently stained, observed and photographed under a laser scanning confocal microscope. In the animal
experiment, six male Japanese white rabbits were divided into two groups randomly (#=3 in each group)
in terms of the different post-treatment time (1-day group and 5-day group). The buccal mucosa of the
left side and the mucosa of the ventral surface of the tongue were treated by APNPs for 10 min in the
same way as the bacterial biofilm experiment in each rabbit, and the corresponding mucosa of the other
sides served as normal control. The clinical manifestations of the oral mucosa were observed and rec-
orded every day. The rabbits were sacrificed one or five day(s) after APNPs treatment. The oral mucosa
were harvested and prepared to haematoxylin and eosin-stained sections. Clinical observation and his-
topathological scores were used to assess mucosal changes. The results showed the obvious Pg. bio-
films were formed at 10 days, and most of the bacteria in groups A and C were alive under a laser scan-
ning confocal microscope, but the bacteria in the group B were almost all dead. In animal experiment,
no ulcers, anabrosis and oral mucositis were found in both the 1-day and 5-day groups. The average
mucous membrane irritation index was —0.83 and —0.67 in the 1-day and 5-day groups, respectively,
suggesting that no intense mucosal membrane irritation responses occurred. It was concluded that
APNPs could effectively kill Pg. in the biofilms and did not cause any pathological changes in the nor-
mal mucosa, suggesting that the plasma jet (APNPs) may be applied to oral diseases as a novel steriliza-
tion device in the future.
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oral diseases, is found to be correlated with special
bacteria under the gingival plaque. Porphyromonas
gingivalis (P.g.) is a gram-negative, nonmotile, pleo-
morphic rod and an obligate anaerobe, which is be-
lieved to be the most important infectious agent for
periodontal disease!""?!. This bacteria is not only seen in
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subgingival plaque of healthy individuals of all age
groups as part of the indigenous supra- and sub-gingival
microflora™*!, but also found in large quantity in chronic
periodontitis patients, especially at sites where bleeding
occurs),
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The current treatments for periodontal disease con-
sist of mechanical method, drug therapy, laser therapy,
etc., but they all have their own limitations. For example,
the mechanical method is prone to damage the surface of
the teeth®. As an adjuvant therapy, drug therapy tends to
induce drug resistance. Laser therapy is a new treatment
approach, but it has many side effects and the cost of this
treatment is relatively high!”. Furthermore, after root
canal therapy, patients will possibly develop apical peri-
odontitis due to existent bacteria that can’t be killed
completely by medications in practice, which often re-
sults in the failure of root canal therapy™ ®. Taken to-
gether, an effective alternative for local sterilization has
been clinically desired.

Numerous studies reported that plasmas, an innova-
tive sterilization device, can easily access into narrow
and confined spaces and has a capability of eliminating
various bacteria in the oral cavity!"® "%, and the atmos-
pheric pressure, non-equilibrium plasma jet (APNPs)
holds promise for the treatment of dental disorders. It has
such advantages as no risk of puncturing the oral cavity,
ability to manually operate at room temperature, good
safety, low gas temperature. However, it is still uncertain
of the effect of APNPs on periodontal pathogens and the
biosecurity of this device. In this study, the effects of
APNPs on Pg. in the biofilms, and the normal oral mu-
cosa were examined with an attempt to evaluate the kill-
ing effect of APNPs on oral bacteria and the safety of the
device.

1 MATERIALS AND METHODS

1.1 APNPs

The APNPs device was described in detail in some
literatures previously!'” 2", Briefly, helium and oxygen
mixture (He/O,) was injected into a hollow barrel and the
HV pulsed DC voltage (voltage up to 10 kV, frequency
to 10 kHz, and pulse width varying from 200 ns to DC)
was applied to HV electrodes. In this study the pulse
frequency of 10 kHz, pulse width t,, of 1600 ns, and
applied voltage V of 8 kV were used. Diameters of the
syringe and syringe nozzle were 6 mm and 0.7 mm, re-
spectively. Inner diameter of the needle was 200 um, and
the length was 3 cm, while the distance between the jet
nozzle and the top surface of treated object was kept at
10 mm.
1.2 Bacterial Strains and Culture Conditions

P.g. (ATCC 33277) were obtained from the Ameri-
can Type Culture Collection (ATCC, USA) and stored at
frozen temperature of about —80°C prior to use. The
bacterial strains were grown on anaerobic blood agar
plates or broth (Department of Clinical Laboratory,
Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology, China) in an
anaerobic bag (GENbag, France) at 37°C. The bacterial
strains were maintained on the anaerobic blood agar
plates in the anaerobic bag at 4°C prior to use.
1.3 Animals and Animal Maintenance

Animal maintenance was carried out in accordance
with the Law of People’s Republic of China on the Pro-
tection of Animals and the US National Institutes of
Health Guidelines for the Care and Use of Laboratory
Animals (NTH publication No. 85-23, revised 1996).

Six male S5-month-old Japanese white rabbits
(weighing 1500-2000 g, provided by the Experimental
Animal Center of Tongji Medical College, Huazhong
University of Science and Technology, China) were qua-
rantined for 7 days to determine whether their oral mu-
cosa and tongues were normal or not. Animals with nor-
mal mucosa were distributed randomly into two groups.
In order to facilitate identification, each rabbit’s tail was
marked, and housed individually (6 cages in total). Food
and tap water were available ad libitum.

1.4 Development of Mono-species Biofilms

P.g. was grown on the anaerobic blood agar plates
for 5 days at 37°C, then a colony was picked up to pre-
pare bacterial suspension with normal saline and the ab-
sorbance (4 value) was adjusted to 0.1+£0.05 at a wave-
length of 600 nm, which corresponded to a bacterial cell
count of 10® CFU/mL. The bacterial suspension was in-
oculated on sterile cover slips placed in a 24-well plate.
A total of 1 mL of bacterial suspension and 4 mL of
broth were transferred into each well, and incubated at
37°C in the anaerobic bag. The bacteria were incubated
alone to establish mono-species biofilms.

After incubation, the liquid inside each well was
removed and 5 mL of fresh culture medium was added
every 5 days. On the 3rd, 5th, 7th, 10th, 12th and 15th
day, the medium of the three wells was removed respec-
tively. Subsequently, the wells were washed gently with
normal saline three times, and then stained and detected
by using the BacLight bacterial viability assay kit (Invi-
trogen, USA) according to the manufacturer’s instruc-
tions. The cover slip carrying biofilm in each cell well
was taken out, and covered by another cover slip. The
cover slips were observed under a laser scanning confoc-
al microscope (Olympus Fv 500, Japan) and 3D images
of the mono-species biofilms were obtained by using
software.

1.5 Study Design

1.5.1 Pg. Biofilms Experiment After Pg. formed ap-
parent mono-species biofilms, the biofilms were divided
into three groups at random with 3 samples in each group:
group A (blank control), group B in which the biofilms
were treated by APNPs (fig. 1), and group C in which the
samples were exposed only to a gas jet without ignition
of the plasma. The culture medium of each cell well was
removed and washed gently with normal saline three
times. Each sample was processed for up to 5 min,
stained and observed under a laser scanning confocal
microscope.

Fig. 1 A photograph of APNPs treating the biofilms on the
cover slips placed in a 24-well plate
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1.5.2 Animal Experiment The glossodesmus and the
left maxillary lip cleft of each rabbit were well fixed,
ensuring the operation on the buccal mucosa of the left
side and the mucosa of the ventral surface of the tongue
(approximately 0.5 cmx 0.5 cm of each). The corres-
ponding mucosa of the other side served as control. The
aforementioned mucosa of rabbits was treated by APNPs
for 10 min under general anesthesia (fig. 2). The mucosa
of the rabbits was observed once daily. Three rabbits in
I-day or 5-day groups were sacrificed by air embolism
one or five day(s) after APNPs treatment. The treated
and control mucosa tissues were removed. After fixation
in 10% neutral buffered formalin for 24 h at 4°C, all tis-
sues were embedded in paraffin and sectioned 4-6 um in
thickness. The sections were stained with hematoxylin
and eosin (H&E) for microscopic examination and eval-
uation.

Fig. 2 Fixation of a rabbit on the surgery table under general
anesthesia, and treatment by APNPs (10 kHz, 1600 ns
and 8 kV)

A: The buccal mucosa of the left side; B: The mucosa
of the ventral surface of the tongue

1.6 Evaluation

1.6.1 Biofilms Experiment The viability of Pg. in the
biofilms was analyzed after nucleic acid staining with
SYTO 9 and propidium iodide (PI) by the laser scanning
confocal microscopy. SYTO9 (green fluorescence) is
able to enter all cells and is used for total cell counting,
while PI (red fluorescence) enters only cells with dam-
aged cytoplasmic membranes. SYTO 9 fluorescence was
detected by excitement at 488 nm, and emission at
bandwidth of 500-550 nm. PI fluorescence was detected
by excitement at 488 nm, and emission at 560 nm. All
experiments were repeated three times.

1.6.2 Animal Experiment Clinical manifestations such

as hyperemia, swelling, ulcer or anabrosis were eva-
luated. Histopathological changes of normal mucosa
were assessed by three pathologists separately according
to the standards established on the vaginal mucous irrita-
tion test’®!). All of the specimens were examined in a
double-blind manner.

2 RESULTS

2.1 Killing Effect of APNPs on Pg.

Laser scanning confocal microscopy revealed ap-
parent 3D images of mono-species biofilms after Pg.
was incubated for 10 days (fig. 3). In the control groups
(groups A and C), bacterial cells were tightly arranged,
and all cells exhibited green fluorescence except few
doddery bacteria shown yellow or red. After treatment by
APNPs (group B), most bacterial cells presented yellow
or red fluorescence (fig. 4).

2.2 Effect of APNPs on Normal Mucosa

After treatment by APNPs, the buccal mucosa of the
left side and the mucosa of the ventral surface of the
tongue did not show any hyperemia, swelling, ulcer or
anabrosis. Histopathological results (fig. 5) showed that
the average mucous membrane irritation index of the
1-day group and the 5-day group was —0.83 and —0.67
respectively, suggesting that both groups had no apparent
mucous membrane irritation responses, and APNPs
could not induce mucous membrane irritation.

Fig. 3 Images of mono-species biofilms formed by P.g. under a
laser scanning confocal microscope (x40)
A: 2D image; B: 3D image; C: Deep image

Fig. 4 Laser scanning confocal microscopic analysis of the biofilms formed by P.g. (x40)
A: Group A; B: Group B (APNPs-treated group, 10 kHz, 1600 ns and 8 kV); C: Group C
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Fig. 5 Histological images of the buccal mucosa of the left side and the mucosa of the ventral surface of the tongue (HE staining,

x20)

A: Normal buccal mucosa; B: Buccal mucosa 1 day after treatment by APNPs; C: Buccal mucosa 5 days after treatment by
APNPs; D: Normal mucosa of the ventral surface of the tongue; E: Mucosa of the ventral surface of the tongue 1 day after
treatment by APNPs; F: Mucosa of the ventral surface of the tongue 5 days after treatment by APNPs. The inflammatory cells
are indicated by open triangle, mucous layer by solid arrow, blood vessel by open arrow.

3 DISCUSSION

Our study demonstrated that APNPs had a conspi-
cuous killing effect on Pg. in the biofilms and no signif-
icant effect on the histopathology of normal oral mucosa
of rabbits. For a novel treatment, the biological safety is
a priority that needs to be considered. As indicated in this
study, APNPs caused no injury to the normal oral muco-
sa. There are various microorganisms in the oral cavity.
Periodontal diseases and decayed teeth, the commonly
occurring diseases in clinical practice, are found to be
closely related to pathogenic bacteria. The most impor-
tant prevention and treatment strategies for these diseases
involve local disinfection and complete elimination of
infected bacteria. The present study suggested that
APNPs may offer such advantages over the traditional
methods as high bacterial killing efficiency, time saving
and less toxic byproducts produced.

Biofilms are bacterial communities which are en-
closed within a matrix of hydrated polymer produced by
the bacteria and adhere to a biotic or abiotic surface.
Most of bacteria can form biofilms under proper condi-
tions to resist unfavorable environment and the host’s
defense response. Pg. and other oral bacteria can also
form biofilms on the teeth, and then induce the peri-
odontal disease. Our results showed that APNPs could
kill Pg. in the biofilms formed only by Pg.. We specu-
lated that APNPs could destroy the biofilms by killing
the bacteria in the biofilms and therefore eliminate the
pathogenicity of biofilms.

Some studies reported that it took only 4 min to kill
Enterococcus faecalis by APNPs, and in contrast, these
pathogenic bacteria couldn’t be killed in root canal ther-
apy with the existing methods'”> **!. In this study, we
choose 10 min as the exposing time for APNPs. And we
found that APNPs caused no harm to the oral mucosa in
the 10-min treatment. Given the fast self-renewal of

oral mucosal epithelial cells (about 7 to 10 days in
common), we choose 5 days as the observation time to
evaluate the changes of oral mucosal tissue of rabbits
after treatment by APNPs. It was found that the histo-
pathology of oral mucosa 5 days after APNPs treatment
was presented as normal, on the basis of which, we
could further confirm the safety of APNPs to oral mu-
cosa. In addition, the structures of oral mucosa are sim-
ilar to those of vaginal**, so in the present study, the
index used in the vaginal mucous irritation test was em-
ployed for evaluation of histopathological changes of
oral mucosa.

Until now, the mechanism of steriling effect of
APNPs has not been fully understood. Studies found that
the particles (such as O, OH), instead of heating and ul-
traviolet (UV), played an important role in the inactiva-
tion of bacteria when He/O, was used as working gas''®.
We speculated that the results of our animal experiments
could be explained from the following aspects. Firstly,
the life time of the atoms is very short, and they work on
the bacteria for only several milliseconds and fail to
cause injury to the normal tissue; secondly, the mucosa
of the animals is one of the natural barrier that can resist
stimulations from outside; thirdly, there is a layer of
mucus to protect the mucosa; finally, the role of the UV
is weak, and it cannot damage the mucosa in such a short
period of exposing time.

In conclusion, the present study proved that APNPs
can effectively kill the bacteria in the biofilms and cause
no harm to oral mucosa of rabbit based on the clinical
observations and the pathological examination. However,
there are some limitations in our study such as only one
strain of pathogenic bacteria used and no involvement of
in vivo bacterial-killing effect of APNPs. More studies
needs to be performed to further validate the effective-
ness and safety of APNPs in the treatment of oral diseas-
es in the future.
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