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Abstract

Cold atmospheric pressure plasma (CAP) has been investigated with promising results for
peri-implant diseases treatment. However, prior to in-vivo applications of CAP sources in
humans, short-term harmful mucosal damage or other unwanted side effects have to be
reviewed. 180 male mice (B6C3F1) were divided into twelve treatment groups (n = 15). The
right buccal cheek mucosa was treated with CAP. The first and second group each received
continuous 10 sec irradiation with 2 different plasma sources (kINPen09, PS-MWM). The
third group was treated with the kINPen09 for one minute. Control groups were treated with
a corresponding dose of ultraviolet light for 8 seconds or 48 seconds and the other one was
left untreated. The animals were weighed before and after treatment. The animals were sac-
rificed one day or one week after exposure. Stained tissue samples were histologically
examined for tissue damage independently by two experienced pathologists. One day after
CAP treatment histological analysis showed focal mucosal erosion with superficial ulcera-
tion and necrosis accompanied by a mild inflammatory reaction. One week after CAP treat-
ment, the mucosal defects were completely re-epithelialized, associated with remnants of
granulation tissue in the stroma irrespective of treatment duration. Furthermore, no cytologi-
cal atypia was found and no severe weight loss occurred. The control groups did not show
any alterations at all. CAP treatment led to a superficial mucosal damage that healed within
few days. Nonetheless, further long-term experiments are necessary to exclude undesirable
side effects after longer observation time. Particularly, potential carcinogenic effects must
be ruled out prior to the application of CAP treatment in daily dental practice.
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Introduction

Potential dental therapeutic applications of cold atmospheric pressure plasma (CAP) are mani-
fold [1,2], one of the most promising properties is its antimicrobial activity [3-7]. Another
property of plasma is its ability to modify a hydrophobic surface into a superhydrophilic one,
which stabilizes clots and supports early wound healing of implants [8-11]. Thus, CAP may
offer a novel approach for the treatment of peri-implant diseases [6]. Recently, cold atmo-
spheric-pressure plasma devices have been developed, which have a temperature range
between 40°C and 50°C in the interaction zone.

CAP treatment effects are based upon: i. reactive oxygen and nitrogen species (ROS, RNS;
i.e. ozone (O3), nitric oxide (NO) radicals, hydroxide (OH) radicals, and super oxide anion
radicals), ii. electric field, iii. VUV and UV radiation, iv. IR radiation. The complex composi-
tion may cause diverse effects and side effects on human cells. Above all, ROS and RNS as well
as radiation energy have the potential to induce cellular toxicity by affecting cellular macro-
molecules (i.e. lipids and proteins) and to cause DNA damage [12,13].

Therefore, before becoming a safe medicinal product, many questions regarding the tolera-
bility of plasma treatment need to be experimentally addressed. The first important question
that needs to be answered is the amount of potential direct damage to the tissue on which CAP
is applied and whether putative damage can be adequately resolved by the organism.

Several in-vitro and ex-vivo studies did not show any mutagenic or genotoxic effect due to
plasma treatment and suggest that a clinical application of an argon plasma jet may be feasible
[13-18]. However, only a limited number of in-vivo investigations dealt with this topic. Lade-
mann and colleagues investigated the potential risks of a plasma source on the skin by focusing
on UV radiation, temperature rise and reactive species. They showed that UV radiation of the
tested plasma device was lower than the erythema dose for sunburn on the skin and that a ther-
mal tissue damage could be excluded [19,20]. Furthermore, they did not find any side effects
after the treatment of chronic wounds [19,20]. With healthy volunteers, Daeschlein et al. have
demonstrated a good tissue tolerability of different cold atmospheric plasma devices with no
disturbance of the skin barrier or reduction of skin moisture [21]. Short plasma treatment (10
sec and 30 sec) supported tissue recovery of acute, artificial wounds on the short-term (10
days) with no long-term (1 year) precancerous skin effects [22]. Van der Linde et al. tested
skin sensitization of plasma treatment in a standardized murine model and could not detect
any abnormal proliferation activity in the local skin or lymph nodes [23]. In a one-year follow-
up risk assessment study, the long-term side effects of repetitive plasma treatment over 14 con-
secutive days in a rodent full-thickness ear wound model were investigated. No adverse effects
with regard to genotoxicity could be observed, neither locally nor systemically [24,25].

In contrast to skin, human oral mucosa has no keratinized squamous epithelium, which makes
it potentially more sensitive to damage from CAP treatment. It is known that oral tissue is more
susceptible to carcinogenic changes due to UV radiation than the skin [26,27]. Up to now, only
one very small in-vivo pilot study with six rabbits has examined the oral mucosa response after
plasma treatment [28]; on days one and five after treatment no severe mucous membrane irrita-
tion could be shown. However, the number of treated animals in this study was too low to draw
any reasonable conclusion for the tolerance of plasma treatment. Therefore, we investigated tissue
damage after CAP treatment on oral mucosa of a collection of mice by histological tissue analysis.

Materials and methods
Animals

6-8 weeks old male mice (B6C3F1, Charles River Laboratories, Sulzfeld, Germany), weighing
25-30 g, were examined in this study (n = 180). Mice were housed in type 3 macrolon cages.
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There was a 12/12-hour rhythm of light and darkness and constant access to water and pellet-
ized food. The condition of the animals and cages were monitored several times a day. The
study was approved by the Committee for Animal Research (Landesamt fiir Landwirtschaft,
Lebensmittelsicherheit und Fischerei Rostock, AZ 7221.3-1-057/13) in full accordance with
the German Animal Protection Law.

Treatment groups

Mice were divided into 12 groups of 15 animals each (Table 1). In the experimental groups
they received a treatment with two different plasma sources: either KINPen09 or PS-MWM
(Fig 1). The plasma source kINPen09 is an atmospheric-pressure plasma jet developed by the
Leibniz Institute for Plasma Science and Technology Greifswald (INP) [29]. Argon (Air
Liquide, Diisseldorf, Germany) was used as working gas with a flow rate of 5 standard liters
per minute. The second plasma source (PS-MWM) was a microwave plasma source developed
by the Leibniz Institute of Surface Engineering (IOM), Leipzig. The plasma source operated
with helium and nitrogen (Air Liquide, Diisseldorf, Germany) with a total gas flow rate of 3.5
standard liter per minute [4,30]. Animals without any treatment or with ultraviolet (UV) treat-
ment served as controls (Table 1).

To simulate a single treatment session, the KINPen09 and PS-MWM exposure was carried
out for 10 seconds (Table 1). In addition to examining the impact of a longer treatment, 6 x 10
seconds exposure was conducted with kKINPen09, simulating a worst case scenario on one
spot. The 60 seconds long treatment had to be interrupted because the mice needed rest inter-
vals to breathe, otherwise they would suffocate from the Argon gas stream of the plasma.

Observation period in this experiment was one day and one week, respectively (Table 1).

Experimental procedure

Anesthesia. All mice received a weight-adjusted intramuscular anaesthesia consisting of
50mg/kg ketamine and 10 mg/kg body weight xylazine (Selectavet Dr. Otto Fischer GmbH,
Weyarn, Germany).

Plasma and UV treatment. The right cheek mucosa was kept open with anatomical plas-
tic forceps (Mediware Servoprax, Wesel, Germany) and continuously treated with plasma for

Table 1. Experimental setup.

Animal group Kind of treatment Duration of treatment Observation period n
1 day 1 week
1 kINPen09 10 seconds X 15
2 kINPen09 10 seconds X 15
3 kINPen09 6 x 10 seconds X 15
4 kINPen09 6 x 10 seconds X 15
5 PS-MWM 10 seconds X 15
6 PS-MWM 10 seconds X 15
7 uv 8 seconds X 15
8 uv 8 seconds X 15
9 uv 48 seconds X 15
10 uv 48 seconds X 15
11 no treatment - X 15
12 no treatment - X 15

180 male B6C3F1-mice were divided into 12 groups: 6 experimental groups (1-6) and 6 control groups (7-12).

https://doi.org/10.1371/journal.pone.0215099.t001
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10 mm

Fig 1. Plasma sources. Plasma source kINPen09 (INP, Greifswald, Germany) (left) and plasma source PS-MWM
(IOM, Leipzig, Germany) (right).

https://doi.org/10.1371/journal.pone.0215099.g001

10 seconds and 60 seconds, respectively, divided into six intervals of 10 seconds duration with
10 seconds resting time between the applications to give the animals the opportunity to
breathe. A UV source (Xe flashlight with a power supply, Voltcraft Conrad Electronic, Wol-
lerau, Switzerland, radiation energy of 155 pW/cmz) with a comparable UV spectrum to the
KINPen09 (radiation energy of UVA/B 119 pW/cm®) was used to estimate a possible carcino-
genic effect of UV emission (Fig 2). The corresponding control group received an 8-seconds
and 48-seconds UV irradiation analogous (comparable radiation energy dose) to the kIN-
Pen09 plasma groups. It was ensured that the plasma/UV plume was in direct contact with the
mucosa (Fig 3). The distance between the outlet of the device and the mucosa was between 7
to 10 mm. The contralateral left side was not treated and served as an intra-individual control.

Animal and tissue examination. Weight controls were performed before treatment as
well as before animal sacrifice to assess the weight development. After the observation period,
the mice were sacrificed by cervical dislocation. Immediately after, the cheeks were dissected,
the oral mucosa was examined macroscopically, and tissue samples from the treated and the
untreated mucosa were removed. After fixation in buffered formalin for 24 h, the samples
were dehydrated by standard techniques and embedded in paraffin. Afterwards, 4 pm thick
slides were cut with a microtome and stained with haemytoxylin and eosin (HE) and the Peri-
odic acid-Schiff (PAS) reaction. Two experienced pathologists analyzed the slides microscopi-
cally (Nikon eclipse ci-L, Nikon, Tokyo, Japan) independently of each other and scored
whether an inflammation, hyperplasia or dysplasia was present.

——kINPen 09
uv

E / uW/cm?/nm
3

{

|

0 e

300 350 400 450
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Fig 2. UV source. Xe flashlight with a power supply (Voltcraft Conrad Electronic, Wollerau, Switzerland) was used as
UV source. Left: Visible UV emission at the end of the distance spacer (arrow). Right: Comparison of the UV spectrum
of the kKINPen09 (bold line spectrum) and the UV source (fine continuous spectrum).

https://doi.org/10.1371/journal.pone.0215099.g002
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Fig 3. Plasma treatment (KINPen09). Treatment of the right cheek of a narcotized mouse.

https://doi.org/10.1371/journal.pone.0215099.9003

Statistics

Descriptive analyses (frequencies [n], percentages [%], mean [m], 95% confidence interval [95%
CI]) were used. The weight development was assessed as weight differences between baseline and
day one or one week. T-test for unpaired samples was conducted to examine whether the obser-
vation period had an impact on weight development. For each observation period, an ANOVA
was used to compare the weight differences between the experimental groups. Moreover, differ-
ences in macroscopical and histological mucosa alterations, on day one as well as inflammation
for each observation period between untreated mice (n = 15) and the plasma group (n = 44,
PS-MWM and kINPen 09) were examined with Fisher exact test. Differences in histological
mucosa alteration on day one between mice in plasma groups (PS-MWM vs. kINPen 09 10s vs.
kINPen 09 6 x 10s) were assessed with Chi-square-test. The program IBM SPSS Statistics 25 was
used for all statistical analyses. Statistical significance was defined as pwo-sidedy < -05.

Results and discussion
Treatment tolerance

The narcosis was well tolerated by the mice. No unforeseen incidents occurred and all animals
survived the anesthetic procedure. In the consecutive days, there were no severe anomalies or
problems in food intake. All animals except of two in the KINPen09 group survived the entire
observation period. For no apparent reasons one animal was found dead in the cage and the
other was sacrificed because of severe inflammation of the fur.

Weight development

The weight development was significantly associated with the observation period (t(65.1) =
-11.47, p < .001). Independent of treatment, on day one the mice showed a slight weight loss
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Fig 4. Body weight. Mean weight differences (95% CI) of mice broken down by observation period, treatment and
treatment duration (N = 178). Weight decreased one day after treatment and weight increased one week after
treatment. Mice receiving PS-MWM showed the highest weight loss and lowest weight gain. However, significant
differences were only found after one day between mice receiving PS-MWM and mice without treatment (p = .013) as
well mice receiving UV for 48 seconds (p = .002). The treatment duration had no impact on weight development.

https://doi.org/10.1371/journal.pone.0215099.9004

(m = -.48,95% CI = -.65/-.31), while a weight gain was found on week one (m = 1.10, 95%

CI = .88/1.31). Mice receiving a treatment with PS-MWM showed the greatest weight loss on
day one and the lowest weight gain on week one (Fig 4). On day one, the mean weight differ-
ence differed significantly between treatments (F s, g3) = 4.55, p = .001) (Fig 4). Bonferroni cor-
rected post-hoc tests showed that the weight development differed significantly between mice
receiving PS-MWM and mice with no treatment (p = .013) as well as mice receiving UV for 48
seconds (p = .002). After one week, the mean weight differences were not statistically signifi-
cant between treatments (Welch’s F(s, 361y = 1.78, p = .142) (Fig 4). Treatment duration had no
impact on weight development. Non-significant p-values are not reported.

Effects of plasma on the mucosa

One day after treatment, the mucosa showed macroscopically mild changes in color from red
to white in the treated area of all plasma treated groups (Table 2). After fixation in formalin
these changes became weaker and were difficult to define macroscopically.

Histologically, focal ulceration and necrosis with superficial homogenization of the under-
lying stroma and fibrin deposits accompanied by a mild inflammatory reaction were detected
in all plasma treated groups one day after the treatment (Table 2). The inflammatory infiltrate
consisted of neutrophil granulocytes and lymphocytes with a few plasma cells. Eosinophilic
granulocytes were rarely detected.

Irrespective of the device used, one week after treatment, the mucosa did not show macro-
scopically any alteration in the region of the former treatment compared with the surrounding
tissue. Histologically, the damaged epithelium of the oral mucosa was replaced by normal
squamous epithelium, which was associated with remnants of granulation tissue in the stroma
(Fig 5, Table 2). No granulomas could be observed. Furthermore, no cytological atypia was
detected. Animals with UV and without any treatment showed normal organization of the
mucosa (Fig 6, Table 2). The untreated left sided cheek mucosa was completely normal in all
groups (S1 Fig).

Mice in control group (n = 90, untreated and UV) did not show any effects on mucosa
alteration (macroscopically and histologically), inflammation, hyperplasia, and dysplasia,
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neither after one day nor after one week (Table 2). Inflammation could be detected in all mice
receiving plasma (n = 88) one day and one week after treatment (Table 2). Moreover, one day
after treatment, 100% of mice receiving plasma showed macroscopically mucosa alterations
and 61% exhibited histological alterations of the mucosa (Table 2). However, one week after
treatment, mice receiving plasma did not show mucosa alterations (Table 2). Macroscopic and
histological mucosa alterations were most frequently detected in the group of mice receiving
plasma after one day compared with mice in the control group (p < .001). Chi-square test
showed that mice receiving plasma differed in histological mucosa alteration one day after
treatment () (2, 44y = 7.04, p = .030). Post-hoc tests indicated that mice with PS-MWM had sig-
nificantly more histological alterations than mice with kinPEN 09 for 60 seconds (p = .021).
Non-significant p-values are not reported. As these tests were of explanatory character, no
adjustment for multiple testing was performed.

Due to the absence of convincing studies on short-term side effects in the oral mucosa by
CAP treatment, we sought to investigate the influence of two different plasma sources with dif-
ferent treatment times on the mouse oral mucosa. On day one, both plasma devices caused
erosion and superficial ulceration with necrosis of the epithelial layer and inflammation in the
underlying stroma. Irrespective of device and treatment time we found neither histological,
nor cellular alterations one week after treatment.

The CAP-treatment itself led to slight macroscopic changes of the mucosa with only small
mucosal defects in the treated area after day one. These mucosal defects were detectable mac-
roscopically in all animals, whereas histologically, as a consequence of the small dimension of
the lesions, we could only locate them in 40-80% of the mice (Table 2). Histological analyses
showed, to a various extent, that CAP treatment physically destroyed the epithelial layer. In a
previous study of our lab with a different CAP device with an Ar/O2 working gas etched a

Table 2. Overview of mucosal alterations.

Time of treatment | Time of observation | Number of mice Mucosa alteration Inflammation |Hyperplasia |Dysplasia

Macroscopically | Histologically

1 day
KINPen 09 10s 1d 14 14 (100) a 8(57)a 14 (100) a 0 (0) 0 (0)
kINPen 09 60 s 1d 15 15 (100) a 6 (40) b,c 15 (100) a 0(0) 0 (0)
PS-MWM 10s 1d 15 15 (100) a 13 (86) a,c 15 (100) a 0(0) 0 (0)
Uuv 8s 1d 15 0(0) 0 (0) 0(0) 0 (0) 0 (0)
Uuv 48s 1d 15 0(0) 0 (0) 0 (0) 0 (0) 0(0)
Untreated - 1d 15 0(0)a 0(0) a,b 0(0)a 0(0) 0(0)

1 week
KINPen 09 10s 1w 15 0 (0) 0(0) 15 (100) a 0 (0) 0 (0)
KkINPen 09 60 s 1w 14 0(0) 0 (0) 14 (100) a 0 (0) 0 (0)
PS-MWM 10s 1w 15 0 (0) 0 (0) 15 (100) a 0 (0) 0 (0)
uv 8s 1w 15 0(0) 0(0) 0 (0) 0 (0) 0 (0)
uv 48's 1w 15 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Untreated - 1w 15 0(0) 0(0) 0(0)a 0(0) 0(0)

Number and percentage of a mice with mucosa alterations (macroscopically and histologically) in the different treatment and control groups stratified for observation
one day and one week after treatment. (s = seconds, percentage in brackets). Fisher-exact-test: Non-significant p-values are not reported.

a: p<0.001 untreated vs. treatment group.

b: p = 0.017 untreated vs. treatment group.

¢: p = 0.021 kKINPen09 vs. PS-MWM.

https://doi.org/10.1371/journal.pone.0215099.t002
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1 day 1 week

kINPen096 x 10 s kINPen0910 s

PS-MWM 10 s

Fig 5. Histological examinations of plasma treated groups. A, C, E: Cheek mucosa with ulceration and
inflammation in the stroma (arrows) one day after the treatment with CAP (A kINPen09 10s, C kKINPen09 6x10s, E
PS-MWM 10s). B, D, F: Cheek mucosa one week after the CAP treatment (B KINPen09 10s, D kINPen09 6x10s, E
PS-MWM 10s) with reepithelialization and remnants of granulation tissue (arrow heads). (A-F: HE, original
magnification 200-fold).

https://doi.org/10.1371/journal.pone.0215099.g005

candida biofilm, and we concluded from these experiments that reactive oxygen species played
a major role in biofilm removal and that plasma-assisted etching was mainly a chemically
driven process, which was almost unnoticeable when using Ar without admixtures [31]. Pre-
sumably, the same reaction was responsible for epithelial tissue removal. Another obvious
explanation may be that these damages are due to the increase in temperature, as the plasma
treatment was performed stationary and with a very small distance. Even with cold plasma
devices the temperature rises beyond 50°C if it is measured close within a 5 mm range [32].
Defects of the mucosa healed within one week, only histologically showing that the epithelium
was regained, and remnants of granulation tissue were detectable without any signs of dyspla-
sia. This feature corresponds to the proliferation stage of normal wound healing with a granu-
lation tissue, which is comprised of collagen and extracellular matrix and into which a new
network of blood vessels develops. In agreement with our previous candida treatment experi-
ment, UV exposure did not ablate or abrade the thin epithelial layer [31].

One day after the treatment, all mice had a slight weight loss-including the control mice,
which could be a consequence of stress due to anaesthesia. Mice receiving PS-MWM had the
greatest weight loss and were significantly lighter than mice without treatment and with UV
for 48s. This observation of weight loss goes along with mucosal damage in 13 of 15 PS-MWM
animals, whereas in the KINPen09 group about 50% of the mice exhibited a mucosal defect.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215099  April 9, 2019 8/12


https://doi.org/10.1371/journal.pone.0215099.g005
https://doi.org/10.1371/journal.pone.0215099

©'PLOS|ONE

Side effects by oral application of atmospheric pressure plasma

Uv8s untreated

UV 48s

Fig 6. Histological examinations of control groups. A, B: Cheek mucosa of the untreated animals 1d (A) and 1 week
(B) after the beginning of the experiments in the experimental groups. Mice cheek mucosa shows in contrast to human
cheek mucosa slight keratinization. C, E: Cheek mucosa 1 day after UV-treatment with no alterations of the mucosa (C
85, E 485). D, F: Unaltered cheek mucosa one week after the UV-treatment (D 8 s, F 48 s). (A-F: HE, original
magnification 200-fold).

https://doi.org/10.1371/journal.pone.0215099.g006

Epithelial abrasion causes pain, which prevented the animals from chewing. An analogous
experience was reported by patients in whom a free gingival graft was harvested from the pal-
ate, as they reported pain and chewing difficulty [33]. One week after the treatment, all mice
gained weight, and no significant differences in weight gain were found among the different
groups at this timepoint. Thus, we conclude that all treatment procedures caused only, short-
term constrains and a short period of pain.

We could not detect any difference between the 10 seconds and 60 seconds kINPen09 treat-
ment, which is in agreement with in-vitro studies. Both Wende et al. and Kluge et al. did not
find an increase in genotoxicity up to 180 seconds treatment with KINPen09 [13,17]. In addi-
tion, Kluge et al. investigated the chicken embryo viability as a further outcome where expo-
sure times up to 2.5 min did not affect the viability [17]. The PS-MWM seems to have higher
power efficiency with a higher temperature than the kINPen09, as we could detect more overt
macroscopical and histological lesions and because the mice lost more weight. Since we do not
have a direct comparison of the physical figures and properties of both devices, we do not have
another explanation for these findings.

Conclusions

In conclusion, the CAP-treatment is well tolerated in mice in short-term experiments. Further
investigations are required to answer the most important question: How safe is atmospheric
pressure plasma in long-term experiments? Is there a carcinogenic risk, in particular in cases
of repetitive applications over a prolonged period or in subjects with additional risk factors for
oral cancer such as smokers? To answer these questions, long-term experiments are necessary.
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Especially, a late manifesting co-carcinogenic effect of the intra-oral treatment must be ruled
out before treatment with plasma can be established as an alternative therapy in dentistry.

Supporting information

S1 Fig. Histological examinations of untreated left sided cheek mucosa. The untreated left
oral cheek mucosa did not show any alterations in all groups, here exemplary shown for the
treatment with UV 48 s (A,B), kinPen09 6x10s (C,D) and PS-MWM 10s (E,F) (A—F HE, origi-
nal magnification 200-fold, A,C,E one day after treatment, B,D,F one week after treatment).
(PDF)
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