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Abstract: Postoperative tissue regeneration can be negatively affected by bisphosphonate adminis-
tration, especially in patients with oncologic diseases. A serious complication of bisphosphonate
therapy is the medication-related osteonecrosis of the jaw (MRON]), which can be observed mainly
after dental surgery. MRON] is a progressive destruction of the bone that requires patients to stay in
hospital for extended periods of time. For this reason, primary wound closure is particularly impor-
tant in surgical procedures. In the case of wound dehiscence, there is a very high risk for MRON]. In
recent years, non-invasive physical plasma (NIPP) has become known for improving wound healing
on the one hand, but also for its promising efficacy in cancer therapy on the other hand. We report on
a 63-year-old patient with a history of multiple myeloma and receiving zoledronate, who developed
wound dehiscence after tooth extraction. NIPP treatment resulted in complete epithelialization of
the entire wound dehiscence. In conclusion, the use of NIPP in patients receiving antiresorptive
drugs seems to support tissue regeneration and thus could be an important tool for the prevention
of MRONJ.
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1. Introduction

Cellular processes of postoperative tissue regeneration are negatively affected by
antiresorptive drugs, especially in patients with breast cancer, prostate cancer, and multiple
myeloma [1,2]. A serious complication associated with the application of bisphosphonates,
monoclonal antibodies, or angiogenesis inhibitors is medication-related osteonecrosis of
the jaw (MRON]J). MRON] is frequently observed after dental surgery and due to denture
pressure points [3,4].

MRON] is the progressive destruction of alveolar bone that may remain asymptomatic
for years, but may also be associated with pain, ulceration, suppuration, and exposed or
sequestered bone [4-6]. Once MRON] has developed, complex surgical procedures are
frequently required, necessitating prolonged hospitalisation of the patients. Usually, these
complicated interventions are a burden on the health care system as well as a psychological
burden for patients [7,8].

Therefore, in patients treated with these drugs, increased safety precautions must be
taken when planning oral surgical interventions. These include perioperative antibiosis
and primary wound closure using a muco-periosteal flap [9]. However, since the bone
metabolism is affected by bisphosphonates and monoclonal antibodies for a long period
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of time, the stability of wounds after surgical dental procedures is not guaranteed. Early
dehiscence of the wound increases the risk of MRON] many times over, especially since
inflammation and bacterial infection due to bacteria of the oral flora and insufficient oral
hygiene can already be a trigger for MRON] [4,10].

In recent years, non-invasive physical plasma (NIPP) has received increased atten-
tion with regard to novel therapeutic procedures. The most important effects of NIPP
treatment are the highly effective antimicrobial efficacy on a variety of pathogens and the
promotion of wound healing. Additionally, NIPP has also been shown to be very effective
in devitalizing neoplastic tissue [11-15]. NIPP corresponds to a highly reactive gas that
affects miscellaneous cells and tissues, particularly through reactive oxygen and nitrogen
species [16]. Different types of NIPP devices are known in the field of medical applications:
dielectric barrier discharges (DBD), plasma jets, as well as hybrid devices that combine
both technologies. With DBD devices, NIPP is generated directly at the site of action, with
the treated object serving as a counter-electrode. Plasma jets form NIPP inside the device
between the cathode and the anode and use a carrier gas to transport NIPP to the place of
action [16,17]. Thus far, the utilization of NIPP in the field of oral and craniomaxillofacial
surgery and therapy is not a routine procedure. However, assumingly, NIPP has positive
effects on tissue regeneration, due to antimicrobial factors, anti-inflammatory effects and
additionally, promotes wound healing.

This report presents the case of a wound dehiscence associated with zoledronate—
therapy for oncological reasons and the benefit of non-invasive treatment with an intraoral
certified NIPP device. Additionally, the effect of NIPP on factors associated with wound
healing were to be studied using XTT, rtPCR, and scratch assay. Since a healing wound is
characterised by a high level of proliferating cells, typically associated proliferation proteins
Ki67 and Proliferating Cell Nuclear Antigen (PCNA) [18] should be investigated.

2. Case Report

The present case demonstrates the use of NIPP for wound healing disorders after
tooth extraction following muco-periosteal flap in one patient receiving antiresorptive
medication due to multiple myeloma. The plasma ONE Dental (plasma Medical Systems
GmbH, Nievern, Germany), a DBD certified for intraoral use, was used with probe PS08
and PS12 at the highest intensity level (5) for 60 s per cm? (Figure 1a—d). The device operates
on 12 V DC and modulates a high voltage of 18 kV, which generates an electric field at the
tip of the probe. Thereby, the plasma is created. According to the company’s information,
the predominant reactive species generated by the plasma are NO, NO,, and Os. Detailed
information about the device is shown in Table 1.
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Figure 1. Ambient-air NIPP was generated by a dielectric barrier discharge (a) plasma ONE Dental
(plasma Medical Systems GmbH, Nievern, Germany); (b) instrument probe PS08; (c) instrument
probe PS12; (d) principle of dielectric barrier discharge.

The treatments were performed in accordance with the Declaration of Helsinki. The
patient gave written informed consent to participate.
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Table 1. Plasma ONE Dental. Technical Data (intensity level 5, DBD mode).

voltage 79V
current 240 mA

power 1.8 W

converter pulse width 10 ps
repetition frequency 1220 Hz

A 63-year-old man presented to our clinic 2 weeks after all wisdom teeth and the
first lower left molar had been removed under general anaesthesia (Figure 2a). Primary
wound closure had been achieved for every wound area with a mucoperiosteal flap, which
was necessary because the patient had been taking 4 mg of zoledronate intravenously
every 3 months due to multiple myeloma diagnosed 2 years prior. Two weeks before
the tooth removal, the drug had been discontinued by the oncologist for one dose. The
bisphosphonate was resumed at the end of our therapy. In addition, the patient received
clindamycin 600 mg three times daily for 8 days perioperatively due to an existing penicillin
allergy. The patient’s medical history included hypertension and a heart attack suffered
4 years prior.

Figure 2. A 63-year-old patient receiving zoledronate for oncological reasons developed wound
dehiscence 2 weeks after tooth extractions. (a) Panoramic X-ray at first presentation showing previous
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extraction of all wisdom teeth and left lower first molar; (b) wound dehiscence of the area of the
former left lower wisdom tooth at first presentation with complete epithelization after 35 days and
follow-up after 6 months; (c) wound dehiscence of the area of the former first lower left molar at first
presentation with complete epithelization after 42 days and follow-up after 6 months; (d) wound
dehiscence of the area of the former right upper wisdom tooth at first presentation with complete
epithelization after 49 days and follow-up after 6 month; (e) wound dehiscence of the area of the
former right lower wisdom tooth at first presentation with complete epithelization after 49 days and
follow-up after 6 months.

On first presentation, all wounds except the site of the former upper left wisdom tooth
presented as dehiscent with exposed bone (Figure 2b—e). The patient did not report any
pain or sensory disturbances and denied having had radiotherapy in the head and neck
area in the past. Since reoperation is not possible until about 6 to 12 weeks after dehiscence
with stable wound conditions, the patient agreed to treat the wounds with NIPP in the
intermediate period.

In the following period, the patient presented himself weekly at our clinic. At each
appointment, the wounds were irrigated with chlorhexidine (Kreussler Pharma, Wiesbaden,
Germany) and photographic documentation was taken. Additionally, a bulbous probe
(Aesculap AG, Tuttlingen, Germany) was used to carefully check the progress of epithelial-
ization so as not to oversee small areas of exposed bone. The region was only considered
to be healed when no more bone was palpable. The wounds were then treated with NIPP.
Twenty-eight days after the initial presentation, the wound of the lower wisdom tooth was
completely epithelialized. Quantification of the wound surface (Image], Bethesda, MD,
USA) indicated that the healed and epithelialized area represented only 68% of the original
defect size (Figure 2b). Overall, this wound showed the most increased healing tendency.
After 35 days, the structure of the gums was almost regenerated and the area of the former
wound represented 48% as compared to the first image (Figure 2b). A passive fistula had
developed in the wound region of the former left lower first molar during the healing
process, and an exposed bone could be probed at the base of the fistula (Figure 2c). The
passive fistula developed during healing due to the fact that the soft tissue healed faster
than deeper areas in the former alveolus. The fistula did not form an exudate, but there
was bleeding on probing which indicated an underlying infection. With the use of the PS08
probe of the NIPP device (Figure 1b), the fistula had been closed by NIPP application so
that after 42 days the wound was epithelialized (Figure 2c). The wound size decreased
to 23% (Figure 2c). The area of the former upper right wisdom tooth showed an increase
in granulation tissue with a delay of four weeks, representing a wound area of 63% as
compared to the initial size (Figure 2d). However, the subsequent epithelialisation of the
wound took place rapidly so that the treatment was completed after 49 days (size of the
former defect: 43%) (Figure 2d). The healing of the right lower wisdom tooth showed a
clear increase in the epithelium due to the application of NIPP. Within 4 weeks the bone
was covered by a thin layer of tissue, which gradually became more stable, so that the
NIPP treatment was completed after 7 weeks (Figure 2e). The defect contracted to 36% of
the original size down to 23%. Throughout the therapy, the patient reported neither pain
nor sensory disturbances in the treated areas. At a follow-up 6 months after therapy, all
wounds were still found to remain epithelialized (Figure 2).

3. Materials and Methods
3.1. Cell Culture

Commercially available Human Primary Gingival Keratinocytes (HPGK) (ATCC,
Manassas, VA, USA) were propagated in a humidified atmosphere at 5% CO, and 37 °C in
Keratinocyte Growth Medium 2 (Promocell, Heidelberg, Germany) supplemented with 1%
penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA). For
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in vitro cell culture experiments, cells were seeded at 50.000 viable cells/mL into 3.5 cm?
cell culture Petri dishes (VWR, Radnor, PA, USA).

3.2. NIPP Treatment

NIPP treatment was performed as shown in Figure 3 using instrument probe PS30
(Figure 3a,b). Cells were treated for 60 s and analysed at 1 day. Untreated cells served as
negative control.

Figure 3. In vitro NIPP treatment. (a) Instrument probe PS30; (b) treatment of medium covered cells.

3.3. Temperature and pH Measurements

The temperature of the cell culture medium was determined before and after NIPP
treatment for the indicated duration at the surface with an FLIR One infrared camera
(Teledyne Flir, Wilsonville, OR, USA). In parallel, this method was used to determine the
temperature of the probe during the NIPP treatment. Additionally, the temperature of the
liquid below the surface was measured and the pH was determined with a benchtop pH 50
VioLab (XS instruments, Carpi, Italy).

3.4. XTT Assay

For analysing metabolic activity of the cells, Cell proliferation Kit XTT (AppliChem,
Darmstadt, Germany) was used. After NIPP treatment, cells were incubated for 20 h.
Subsequently, XTT reagent solution was added to the culturing medium for 4 h, according
to the manufacturer’s instructions. Analysis was performed with a microplate reader at
an absorbance of 475 nm (Epoch™ Microplate Spectrophotometer, BioTek Instruments,
Winooski, VT, USA).

3.5. Analysis of mRNA Expression

RNA was isolated using the RNeasy protect Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Concentration of the isolated RNA was
determined using the Nano Drop ND-2000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). For cDNA synthesis, 500 ng of RNA was reverse transcribed using
the iScript™ Select cDNA Synthesis Kit (Bio-Rad Laboratories, Munich, Germany) accord-
ing to the manufacturer’s instructions. Real-time PCR was used to detect the expression of
the target mRNA, using 1 pL of cDNA, 2.5 uL of specific primers (Ki67, PCNA, GAPDH;
QuantiTect Primer Assay, Qiagen), 12.5 uL of SYBR Green QPCR Master Mix (Bio-Rad) and
9 uL of deionised water in a 25 pL reagent mixture. Here, the following protocol was used:
initial denaturation and thermal activation of polymerase (95 °C, 5 min), 40 cycles of denat-
uration (95 °C, 10 s), and a combined annealing/elongation (60 °C, 30 s). Quantification of
mRNA was performed using the comparative threshold cycle method.

3.6. Scratch Assay

Scratch assay was performed as previously described [19]: A standardized sterile
instrument was used to generate a 3 mm wide cell-free area within the cell monolayer. The
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confluence of the cell free area was measured automatically every 30 min for 48 h using
JuLI™ Br and JuLI™Br PC software (NanoEnTek, Seoul, Korea).

3.7. Statistical Analysis

All in vitro experiments were performed at least three times with independent repli-
cates (n) and the means and standard error of the mean (SEM) were calculated. For
statistics, GraphPad Prism Software (GraphPad Software, San Diego, CA, USA) was used
with Mann-Whitney U test at the significance level of p < 0.05.

4. Results

First, we wanted to prove that NIPP has no negative effects on cells and tissues.
At room temperature the PS30 probe runs with a certain surface temperature of 24.7 °C
(Figure 4a). The measurement of the surface temperature and the core temperature of
the cell culture medium showed no change due to the application of NIPP (Figure 4b—d).
Neither was there any change in the pH value (Figure 4e). For this reason, damage to the
treated cells and tissues could be ruled out.
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Figure 4. Basic characterisation of NIPP. (a) Superficial temperature of NIPP probe PS30 at DBD
mode; (b,c) superficial temperature of cell culture medium prior to NIPP treatment (-) up to 120 s
of treatment, respectively; (d) submerged temperature of cell culture medium during 120 s of NIPP
treatment; (e) pH of cell culture medium during 120 s of NIPP treatment.

To quantify the in vivo effect of NIPP described in the case report, human gingival
keratinocytes were used for the following experiments. First, we investigated the influence
of NIPP on HPGK'’s metabolic activity. NIPP treatment of 60 s caused a significant increase
in cell viability of 8% after 24 h (p = 0.0022; Figure 5a). Next, we focused on crucial markers
of proliferation: NIPP treatment resulted in a significant 1.6-fold increase in Ki67 mRNA
levels (p = 0.0476) and a 1.2-fold increase in PCNA mRNA levels (p = 0.0476; Figure 5b).
Finally, we investigated effects of NIPP on in vitro wound healing using an established
scratch-assay. As shown in Figure 5¢, NIPP lead to a significant faster closure of an artificial
scratch, as compared to untreated cells (12 h: 0.0159; 24 h: p = 0.0317; Figure 5¢,d).
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Figure 5. The 60 s NIPP treatment of primary human gingival keratinocytes (HPGK) at one day.
(a) Influence of NIPP on cell viability, shown by XTT assay, n = 6; (b) impact of NIPP on mRNA level
of proliferation markers Ki67 and PCNA, n = 6; (c) in vitro wound healing assay, displayed by scratch
assay, n = 5; (d) representative images are visualized. * statistical significance (p < 0.05).

5. Discussion

Over the last two decades, drug therapies have been frequently associated with
osteonecrosis of the jaw. Thus, these diseases are no longer solely called bisphosphonate
associated osteonecrosis, but MRON]J. Bisphosphonates administered for oncologic reasons
are associated with the development of osteonecrosis. The risk of developing MRON] in
oncologic patients is 1.3-1.8% [20]. Especially patients treated for multiple myeloma have a
rather high incidence for MRON]J [21]. Thus, in these patients, it is mandatory to ensure
primary wound healing when surgery is performed. In cases of wound dehiscence, it is
very important that the wound is covered with a mucoperiosteal flap with sufficiently
stable tissue [22]. We report about a conservative treatment option of a wound dehiscence
using NIPP with successful healing of the affected tissue in a patient under bisphosphonate
therapy for multiple myeloma.

Zoledronate is an intravenous bisphosphonate used to treat multiple myeloma, metastatic
breast and prostate cancer, Paget’s disease, and osteoporosis [23]. It has a high affinity for
mineralised bone, more pronounced than other bisphosphonates, and accumulates particu-
larly at sites of high bone turnover [24,25]. The effect of bisphosphonates is characterised
by reducing bone turnover and increasing osteoblast function [26]. However, zoledronate
has been shown to impair wound healing after dental surgery, such as tooth extraction [27].
In our case, the wound healing took about 5-9 weeks in total. Additionally, zoledronate
is known to negatively affect wound healing by causing mucosal lesions, inflammatory
infiltrates and non-vital bone after tooth extraction [28,29].

The application of NIPP has been described as a promising method for delayed wound
healing and in cancer therapy [14,30], and a proliferation-promoting effect has been shown
in many in vitro, in vivo and even clinical studies [13,31-38]. The exact mode of action
of NIPP is not known; however, a number of reactive oxygen and nitrogen species have
an effect on the cells and tissues involved. In the in vitro part of our study, we were
able to demonstrate a proliferation-promoting effect of NIPP on keratinocytes, in terms
of upregulation of proliferation markers Ki67 and PCNA mRNA. Additionally, higher
metabolic activity of the cells by XTT and improved cell migration by scratch assay has
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been shown. However, the NIPP effect was not as pronounced in keratinocytes as in
cementoblasts or periodontal ligament cells [13,39]. A reason might be that keratinocytes
are slow-proliferating cells [40]. It is possible that a study after longer incubation times
(after 2 or 3 d) would have shown even stronger effects. Nevertheless, a significant positive
effect of NIPP was evident, which may explain the successful clinical response observed
in the case report. However, since mesenchymal stem cells in particular provide key
factors that accelerate healing during wound healing [41,42], it may be that NIPP influences
these cells during tissue stimulation. On the other hand, NIPP is also able to stimulate
certain cytokines and chemokines and MMPs [13,32], which are also components of the
mesenchymal stem cell secretome and modulate immune processes as well as cell migration
and proliferation [43—45]. However, the cellular processes involved in NIPP-induced tissue
regeneration and wound healing are still poorly understood. Additionally, as it is also
known that microtrauma can influence the secretome of the cells, a detailed investigation
of the influence on tissue healing is necessary [46]. Nevertheless, a proliferation promoting
effect of NIPP on mesenchymal stem cells in vitro has been described by other authors [47].

Since the wound healing effect of NIPP has been demonstrated in vitro, in vivo, and
in randomised clinical trials by other authors [30,48,49], we treated the patient with this
technology. The NIPP application was intended to minimize the risk of developing MRONJ.
Various devices are currently used in surgical practice. NIPP is generated in different ways,
either by using noble gases such as argon or helium, or by using the ambient air, as shown in
our case [13,14,31]. In the present study, only a 60 s treatment was performed once a week.
Although the device is a certified medical device, there is little evidence-based information
on the exact application therapy, except for an application time between 30 s and 120 s. In
previous in vitro studies, we found that NIPP has a proliferation-promoting effect when
applied for 60 s [13,32,39]. A significant increase in wound healing in patients with diabetic
foot ulcers by eight applications of NIPP has been shown by Stratmann et al. In this study,
treatment with an argon-based NIPP device is performed for 30 s per cm? [30]. Other
authors applied a treatment-time of 2 min for 14 patients with chronically infected wounds
using argon generated NIPP [37]. Just a few clinical studies have shown that intraoral
wound healing can be improved by NIPP: Kusakci-Seher et al. have proven that a single
application of NIPP significantly improves gingival wound healing after gingivectomy [50]
and Pekbagriyanik et al. have shown that gingival epithelization after surgery can be
significantly accelerated by a single application of NIPP [51]. In these studies, application
times of 60 s and 120 s, respectively, have been described. Further systematic studies with
NIPP treatments of varying duration are needed to reveal the effects of NIPP on intraoral
wound healing.

Other approaches to prevent MRON] also exist. For example, it has been shown that
dental pulp stem cell conditioned medium or platelet rich fibrin could also be used to
prevent MRONJ [52,53]. However, the NIPP-based treatment modality would be a very
cost-effective and easy-to-use method for MRON] prevention that could also be applied in
dental practices.

As wound healing problems can only indicate MRON] at least 8 weeks after surgery
under current or previous treatment with antiresorptive drugs with exposed bone and
without any history of radiation therapy [4], we wanted to prevent the development of
MRON] by starting NIPP therapy 2 weeks after surgery. In our case, necrotic bone that
regularly accompanied MRON]J, was not evident clinically or on radiograph. It has also been
described in the literature that the duration of taking antiresorptive drugs seems to have an
important influence on the occurrence of MRON] [54,55]: Patients receiving antiresorptive
drugs for longer than 8 months have a significantly higher incidence of MRON] than
patients receiving these drugs for a shorter period of time [54]. This might suggest that
NIPP treatment was only possible because the side effects of zoledronate were not yet
very pronounced. However, as the patient we presented had been taking zoledronate for
a period of more than 8 months and all primary surgically closed wounds had become
dehiscent, we considered the risk of developing MRONJ] to be high. However, it may be
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possible that extensive MRON] cannot be treated with NIPP. Although a proliferation-
promoting effect of NIPP has also been shown in hard tissue cells [32,56], further studies
are needed to decipher the exact effect of NIPP in MRON].

A limitation of our case report, as with all observational studies, is the possibility of
bias and the risk of overinterpretation because it is impossible to control for all variability
in a retrospective design. For ethical reasons, we decided not to use a split mouth design.
Therefore, no statement can be made about what the healing would have been without
NIPP. A clinical trial is needed to objectively investigate the benefits of NIPP treatment.
Moreover, effects on wound healing were also not objectively quantified, but based on
photographic comparisons, which of course depend on photographic settings such as the
camera angle. Additionally, it must be considered that the success of healing was due to
good oral hygiene and regular mouth rinsing, which has been described for the treatment
of MRONJ [57]. Only a clinical study can provide data. It must also be considered that
the drug holiday ordered by the oncologist had an impact on the wound healing process.
Nevertheless, there is strong evidence that a drug holiday actually has no effect, which
has been demonstrated in clinical studies [58,59]. However, we did not want to interfere
with the oncologist’s therapy protocol and did not modify the therapy. Additionally, a
single case report has limited power. A randomized controlled trial would provide the
best possible evidence and is already being planned. Another limitation of our study
is, that in our in vitro experiments we only examined the proliferation-associated genes
Ki67 and PCNA. Since other effects of CAP on antimicrobial and remodelling effects are
known, further studies of cytokines, chemokines, and matrix metalloproteinases at the
mRNA and protein level should be carried out to better understand the effect of NIPP on
HPGK. Additionally, since different reactive species have been described to be responsible
for biological effects [60] a chemical analysis should be carried out to further decipher
the effect of NIPP. Optical emission spectroscopy should also be performed during these
further investigations.

However, to the best of our knowledge, this is the first report of NIPP treatment in a
patient under bisphosphonate therapy who developed wound dehiscence after oral surgery.
Since any following surgical intervention may also provoke the development the outcome
and treatment of MRON] [61,62], our case shows an interesting therapeutic approach in
preventing MRON].

We acknowledge that we cannot prove that the observed healing was solely due to
NIPP treatment by describing a single case, but we clearly observed an improvement in the
patient’s quality of life, so that the planned second surgery was no longer necessary.

6. Conclusions

The use of NIPP for wound healing disorders after tooth extractions in patients receiv-
ing antiresorptive drugs may support tissue regeneration and avoid the need for additional
surgery. Since the incidence of MRON]J in patients with bone metastases after treatment
with antiresorptive drugs is 7.3% [56], the use of NIPP is a simple and cost-effective method
which may help to minimise the risk of MRON]J-development. However, a clinical trial is
required to conclusively prove the effect of NIPP in patients on antiresorptive drugs.
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