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W N e

Abstract: Gingival wound healing plays an important role in the treatment of a variety of inflam-
matory diseases. In some cases, however, wound healing is delayed by various endogenous or
exogenous factors. In recent years, non-invasive physical plasma (NIPP), a highly reactive gas, has
become the focus of research, because of its anti-inflammatory and wound healing-promoting efficacy.
So far, since NIPP application has been poorly elucidated in dentistry, the aim of this study was
to further investigate the effect of NIPP on various molecules associated with inflammation and
wound healing in gingival cells. Human gingival fibroblasts (HGF) and human gingival keratinocytes
(HGK) were treated with NIPP at different application times. Cell viability and cell morphology
were assessed using DAPI/phalloidin staining. Cyclooxygenase (COX)2; tumour necrosis factor
(TNEF); CC Motif Chemokine Ligand (CCL)2; and interleukin (IL)1B, IL6 and IL8 were analysed at the
mRNA and protein level by a real-time PCR and ELISA. NIPP did not cause any damage to the cells.
Furthermore, NIPP led to a downregulation of proinflammatory molecules. Our study shows that
NIPP application does not damage the gingival tissue and that the promotion of wound healing is
also due to an anti-inflammatory component.

Keywords: non-invasive physical plasma; cold atmospheric plasma; dentistry; gingival keratinocytes;
gingival fibroblasts; cytokines; viability; wound healing; inflammation; in vitro

1. Introduction

The gingiva is the key barrier to physical, chemical and microbial stimuli and, thus, its
integrity is important for the entire organism [1]. While keratinocytes are the main cells
in the multi-layered squamous epithelium, fibroblasts are the predominant cell type in
the connective tissue of the gingiva. Both tissues are separated by a basal lamina [2]. The
healing of the gingiva is an evolutionary benefit and helps to maintain the barrier function
to prevent further damage to underlying tissues [3]. In dental surgery, only a functioning
wound healing of the soft tissue is the first sign of a successful intervention, as it provides
the condition for the successful healing of the underlying hard tissue.

The process of wound healing is typically represented by four subsequent but overlap-
ping stages. First, haemostasis occurs within the first hours after the loss of tissue integrity.
This is followed by the inflammatory phase, which is characterised by an influx of leuco-
cytes within the first three days. A three-week proliferation phase follows, which serves for
tissue regeneration. Finally, the remodelling phase begins, during which the extracellular
matrix is restructured for up to 12 months [4,5]. The inflammatory phase is especially
important to remove dead cells and detritus and to protect the opened vulnerable defect
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from invasion by pathogens through an inflammatory response [4]. Nevertheless, it also
subsides rapidly so as not to interfere with subsequent healing phases. Different molecules
such as cyclooxygenase (COX)2, but also inflammatory cytokines and chemokines such as
tumour necrosis factor (TNF); CC Motif Chemokine Ligand (CCL)2; and interleukin (IL)1B,
IL6 or IL8 are primarily involved in these processes. They do not only serve as immunologi-
cal components, but also play an important role in wound contraction or tissue remodelling
in later phases [6-10]. CCL2 and IL6 thus influence neovascularisation and collagen ac-
cumulation [11,12]. Additionally, IL8 plays an important role in promoting angiogenesis
and keratinocyte migration [13]. Several of these cytokines have also been shown to be
released by keratinocytes [14]. In particular, the cytokines IL1, IL6, and TNF secreted by
epithelial cells contribute to the improved differentiation and migration of keratinocytes
in the wound area [15]. Both IL1 and TNF increase the mitosis of fibroblasts and MMP
production by fibroblasts and macrophages. This is important for tissue remodelling, as ef-
fective wound healing requires a fine-tuned balance of collagen production, deposition and
degradation [16]. In addition, IL1 plays a critical role in stimulating fibroblasts to release
growth factors, which enhance keratinocyte proliferation and motility [17,18]. Cytokines
released by keratinocytes also induce antimicrobial processes during wound closure, as
long as the tissue is not fully intact [19]. In pathological conditions the inflammation state
remains constant, leading to impaired wound healing that results, for example, in chronic
wounds or excessive scarring. This is not only a burden on the patient’s mental health,
but also an economic burden on the healthcare system [20,21]. A prolonged inflammatory
phase is characterised by an increased number of inflammatory cells with neutrophils and
macrophages [22]. Thus, controlling microbial contamination or reducing inflammation
may help to promote a normal wound healing process [20].

In recent years, the use of Non-Invasive Physical Plasma (NIPP), a highly reactive
and electrically conductive gas at room temperature, has been shown to have an overall
beneficial effect on gingival wound healing [23,24]. In addition to its wound-healing effects,
it is also known to reduce the bacterial load in chronic wounds [25]. Several devices
have been developed for medical applications: dielectric barrier devices (DBD), plasma
jets and hybrid devices, generating NIPP by the ambient air or certain inert gases, such
as argon or helium [26,27]. The treatment with NIPP, a short procedure of only a few
minutes, is almost painless and is so far without any described side effects. In dentistry,
the potential use of NIPP is particularly attractive and promising due to the shortness of
clinical interventions and the local character of the application. As well as patients with
wound healing disorders, almost all patients could benefit from anti-inflammatory and
anti-microbial effects and, therefore, improved wound healing. For example, NIPP has
been applied after subgingival instrumentation in periodontally diseased patients [28].
Furthermore, NIPP can be used for wound healing after the transplantation of palatal soft
tissues (free gingival grafts) [24]. In addition, NIPP could also be used for the healing of
avulsed teeth, since we have shown beneficial effects of NIPP on regeneration-associated
cementoblast functions [29]. Moreover, due to the beneficial effects of NIPP on all soft
and hard tissue cells [30-32], wound healing after oral surgical procedures such as simple
tooth extractions, implantations, surgical tooth removals, apicectomies or cystectomies is a
potential area of NIPP application. In a previous study, we showed that NIPP promotes
wound healing in gingival cells and tissues biopsies [30]. Cytokines and chemokines are
known to play a significant role in wound healing processes. The modulation of their
expression by NIPP treatment may, therefore, represent a crucial mechanism of action of
NIPP-induced wound healing and tissue regeneration. The aim of this in vitro follow-up
study was to investigate the influence of NIPP on proinflammatory markers in gingival
cells during wound healing. Our hypothesis was that NIPP is capable of downregulating
the critical mediators of inflammation.
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2. Materials and Methods
2.1. Cell Culture

Human gingival fibroblasts (HGF) (HGF-1; CRL-2014; ATCC (Manassas, VA, USA)
were propagated in Dulbecco’s Modified Essential Medium (DMEM,; Invitrogen, Waltham,
MA, USA), supplemented with 10% fetal bovine serum (FBS; Invitrogen), and 1% antibi-
otics (penicillin/streptomycin; Invitrogen) using a humidified incubator (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C, 5% CO,, and 95% humidity. Human gingival
keratinocytes (HGK) (primary gingival keratinocytes; PCS-200-014; ATCC) were propa-
gated in Keratinocyte Growth Medium 2 (PromoCell, Heidelberg, Germany) using equal
conditions of cultivation, containing 1% antibiotics (Invitrogen). The culture medium was
exchanged every second or third day. For the experiments, the cells were seeded into 3.5 cm
petri dishes at a density of 5 x 10* cells each. (VWR, Radnor, PA, USA). For equalising the
growth rate of both cell types, the FBS concentration of full HGF medium was reduced to
1% 24 h prior to the experiments.

2.2. NIPP Application

NIPP was generated with the argon-based Kinpen Med (neoplas med, Greifswald,
Germany) at 4.0 standard litres per minute (Figure 1a,b). Cells were treated for 30 s, 60 s,
and 90 s, as previously described at a distance of 2 cm [30].

Figure 1. The NIPP device used for the experiment was the argon based kinpen med (neoplas med,
Greifswald, Germany). (a) Operation unit; (b) handpiece with NIPP effluent.

2.3. Immunofluorescence

For the fluorescence analysis, HGF and HGK cells were seeded on glass coverslips
(Thermo Fisher Scientific), propagated and treated with NIPP, as described above. 1 and
2 d after NIPP treatment, the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich,
Saint-Louis, MO, USA) for 10 min, washed with PBS and permeabilized in 0.1% Triton X-100
(Sigma-Aldrich) for 5 min. Subsequently, the cells were incubated for 60 min with phalloidin
(Sigma-Aldrich, 100 pM) for actin filament labelling. After rinsing, the cells were stained
with DAPI (Sigma-Aldrich, 1 pg/mL) for 5 min to label the DNA. Finally, the stained cells
were mounted with Mowiol (Carl-Roth GmbH, Karlsruhe, Germany) and analysed using
the ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA, USA).

2.4. Analysis of mRNA Levels

For RNA isolation, the RNeasy Mini Kit (Qiagen, Hilden, Germany) was used accord-
ing to the manufacturer’s instructions. Subsequently, 1 pg of the isolated RNA was reverse
transcribed for cDNA synthesis using the iScript Select cDNA Synthesis Kit (Bio-Rad Lab-
oratories, Munich, Germany). A mixture of 1 uL of cDNA with 12.5 pL of SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad); 2.5 uL of commercially available primers
(GAPDH, COX2, TNF, CCL2, IL1B, IL6, IL8; QuantiTect Primer Assay, Qiagen); and 9 pL of
deionised water per sample was finally amplified using the iCycler iQ5 detection system



Cells 2022, 11, 2740

40f18

(Bio-Rad), with the protocol below: 95 °C for 5 min, followed by 40 cycles of denaturation
at 95 °C for 10 s and combined annealing/extension at 60 °C for 30 s. The results were
analysed by applying the comparative threshold cycle method.

2.5. Analysis of Protein Levels

The protein levels of COX2 were analysed in cell lysates at 1 d and 2 d with a specific
COX2 ELISA Kit (Bio-Techne; Minneapolis, MN, USA) according to the manufacturer’s
instructions. TNFA, CCL2, IL1B, IL6, IL8 protein levels were analysed in cell culture
supernatant at 1 d and 2 d using a specific enzyme-linked immunoassay (ELISA) Kits
(Bio-Techne) according to the manufacturer’s instructions. A microplate reader (Epoch™
Microplate Spectrophotometer, BioTek Instruments, Winooski, VT, USA) was used to
measure the optical density at 450 nm. The results were normalised to the total protein
concentration. For this purpose, the Pierce BCA Protein Assay Kit (23227, Thermo Scientific,
Pierce Biotechnology, Rockford, IL, USA) was used with the absorbance measured at
570 nm, as described above.

2.6. Statistical Analysis

The statistical analysis was performed using GraphPad Prism version 7 software
(GraphPad Software, Inc., La Jolla, CA, USA) by applying the Kruskal-Wallis test with
a post hoc Dunn’s multiple comparisons test. p-values less than 0.05 were considered
significant. All experiments were performed in triplicates and repeated at least twice.

3. Results
3.1. Impact of NIPP on Cell Viability and Cytoskeleton Morphology

First, we aimed to determine whether NIPP exerts any effects on cell viability and cy-
toskeleton architecture. As evidenced by phalloidin staining, the cytoskeleton of both HGF
and HGK cells remained intact after NIPP applications over varying treatment durations.
All the cells remained viable (Figure 2a—p).

Figure 2. Effect of NIPP on cell viability and cytoskeleton architecture using double staining with
DAPI and phalloidin. Human Gingival Fibroblasts (HGF) (a—h) and Human Gingival Keratinocytes
(HGK) cells (i-p) were treated with NIPP for the indicated time intervals and analysed at 1 d and 2 d.
The scale bars represent 100 um.

3.2. Effects of NIPP on Regulation of COX2

Additionally, we investigated the influence of NIPP on the regulation of key markers
in wound healing at both mRNA and protein level. First, we examined COX2 as one of
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the major regulators in the initial phase of inflammatory processes. NIPP led to a dose-
dependent upregulation of mRNA expression in HGF and HGK cells (Figure 3a,b). An
upregulation of intracellular COX2 was also observed at the protein level after 1 d and 2 d,
with the highest expression levels achieved at 1 d for both cell types (Figure 3a,b).
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Figure 3. Effect of NIPP on COX2 expression in HGF and HGK cells at mRNA level after 1 d (1 = 9) and
at the protein level after 1 d and 2 d (1 = 6). (a) COX2 regulation in HGF; (b) COX2 regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

3.3. Effects of NIPP on Regulation of TNF

A further central cytokine in inflammatory processes and wound healing represents
TNEF. The application of NIPP led to an upregulation of TNF mRNA after 1 d in HGF
and HGK cells (Figure 4a,b). A clear dose dependency was observed, especially in HGK
cells (Figure 4b). Interestingly, this upregulation of TNF expression in HGF cells was not
detectable at the level of secreted proteins at 1 d. However, a slight upregulation was
observed at 2 d after 30 s and 60 s of NIPP application (Figure 4a). Interestingly, in HGK
cells, on the other hand, an upregulation of TNF at protein level was observed after 1 d and
a significant downregulation after 2 d (Figure 4b).
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Figure 4. Effect of NIPP on TNF expression in HGF and HGK cells at mRNA level after 1 d (n =9)
and at protein level after 1 d and 2 d (n = 6). (a) TNF regulation in HGF; (b) TNF regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

3.4. Effects of NIPP on Regulation of CCL2

Next, we analysed the regulation of CCL2, a very potent chemokine that, amongst
other activities, supports inflammatory processes by recruiting leucocytes. CCL2 was
induced by NIPP at the mRNA level in both HGF and HGK cells and reached the peak
after 90 s of NIPP treatment (Figure 5a,b). Interestingly, this stimulatory effect could not be
observed at the extracellular protein level, neither in HGF nor in HGK cells (Figure 5a,b).
Surprisingly, NIPP caused even a significant decrease in CCL2 protein at some time points.
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Figure 5. Effect of NIPP on CCL2 expression in HGF and HGK cells at the mRNA level after 1 d (1 =9)
and at the protein level after 1 d and 2 d (1 = 6). (a) CCL2 regulation in HGF; (b) CCL2 regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

3.5. Effects of NIPP on Regulation of IL1B

Following CCL2, we focused on inflammatory cytokine IL1B. NIPP treatment had a
very strong dose-dependent effect on the mRNA expression of this cytokine after 1 d in both
HGF and HGK cells (Figure 6a). However, this strong regulation was not reflected at the
level of secreted proteins in HGF cells (Figure 6a). IL1B was even strongly downregulated
in a dose-dependent manner in the HGK cells’ protein level at 2 d, as compared to untreated
cells (Figure 6b).
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Figure 6. Influence of NIPP on IL1B expression in HGF and HGK cells at the mRNA level after 1 d (1 = 9)
and at the protein level after 1 d and 2 d (n = 6). (a) IL1B regulation in HGF; (b) IL1B regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

3.6. Effects of NIPP on Regulation of IL6

The regulation of IL6 was subsequently studied. The mRNA regulation of IL6 was
weakly pronounced in both HGF and HGK cells (Figure 7a,b). Interestingly, at the extracel-
lular protein levels, NIPP led to the strong downregulation of IL6 protein in HGF cells at 1
d after 30 s and 60 s NIPP-treatment and at 2 d in HGK cells. (Figure 7a,b).
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Figure 7. Influence of NIPP on IL6 expression in HGF and HGK cells at the mRNA level after 1d (n =9)
and at the protein level after 1 d and 2 d (n = 6). (a) IL6 regulation in HGF; (b) IL6 regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

3.7. Effects of NIPP on Regulation of IL8

Finally, we analysed IL8 regulation. In contrast to IL6, in HGF cells it was shown
that the IL8 mRNA was induced in a dose-dependent manner after 1 d (Figure 8a). For
IL6, however, there was no regulation at the level of IL8 secretion (Figure 8a). In HGK,
there was no significant regulation at the mRNA level, but IL8 secretion was very strongly
downregulated in cell culture supernatants over 1 d and 2 d (Figure 8b).
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Figure 8. Influence of NIPP on IL8 expression in HGF and HGK cells at the mRNA level after 1 d (n =9)
and at the protein level after 1 d and 2 d (1 = 6). (a) IL8 regulation in HGF; (b) IL8 regulation in HGK.
Controls were set to 100% (dashed line). * Statistically significant from untreated control (p < 0.05).

4. Discussion

In the present study, we observed a regulatory effect of NIPP on the proinflammatory
molecules involved in gingival wound healing. Although the expression of these factors
was partially increased by NIPP, the application of cold plasma to HGK and HGF cells
resulted in the reduced protein levels of these inflammatory mediators, suggesting an
anti-inflammatory effect (Figure 9). The positive effect on wound healing that NIPP is
known for, as presented in the previous studies [30,32], could, therefore, be at least partly
due to the anti-inflammatory NIPP efficacy.

NIPP Treatment

Fibroblasts
Keratinocytes
ccL2l
TNF! IL1B |
8. IL6 |

Inflammation |

Figure 9. Summary: NIPP treatment of gingival fibroblasts and keratinocytes cells did not cause

reduced cell viability and resulted in suppression ({) of pro-inflammatory signal molecules and
induction (1) of regenerative COX2.
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First, we demonstrated that NIPP has no negative effect on cell viability and cytoskele-
ton architecture. This confirms the results of our previous study, where it was shown that
NIPP has no apoptotic effect on the cells [30]. In previous studies, however, we showed
that NIPP causes changes in the cell morphology of osteoblast-like cells and murine cemen-
toblasts with more filo- and lamellipodia, being associated with an increased migration
rate [29,33]. In contrast, other authors have shown that murine C3H/10T1/2 cells on
NIPP-treated surfaces exhibit less cell spreading [34]. In the present study, we did not
detect a change in cell morphology. However, the contradictory results in the literature
could be due to the use of different devices (DBD vs. plasma jet), different experimental
set-ups, and different treatment durations and incubation times. In addition, different cell
types from different tissues and species were used for the described studies.

In the present study, we focused on the regulation of COX2, which is an inducible
enzyme associated to inflammatory response [35]. Additionally, COX2 is also mainly
involved in the wound healing of soft and hard tissue [36,37]. In our experiments, we could
observe an upregulation of COX2 mRNA. Although an increase in COX2 at the protein
level was also observed after NIPP treatment, this was not significant in gingival cells in
most cases. (Figure 3a,b). Our results confirm the findings of previous studies on human
periodontal ligament (PDL) and osteosarcoma cells (MG63), which have also shown a
stimulatory effect of NIPP on COX2 [31,32]. However, these works used a dielectric barrier
discharge and not a plasma jet device such as the one applied in the present study. This
allows the conclusion that we may be dealing with a general and device-independent effect
of NIPP treatment on COX2 induction by NIPP. COX2 is also an essential enzyme in the
conversion of arachidonic acid to prostaglandin E2 [38], which is directly related to tissue
damage by altering the metabolic processes in connective tissue and promoting osteoclastic
bone resorption [39,40]. Thus, it is possible that the COX2 increase could also be induced by
the tissue damage per se [41,42]. However, we can exclude this in our in vitro approaches,
as shown by the fluorescence analyses of NIPP treated cells (Figure 2a,b). Moreover, in our
previous study, the caspase-3 activity of HGK and HGF cells remained unaltered after NIPP
treatment [30]. Nevertheless, it is conceivable that molecular healing processes induced by
tissue damage are additionally enhanced by NIPP treatment. This can only be clarified in
subsequent ex vivo or in vivo models.

In addition, we focused on the regulation of TNF, a proinflammatory cytokine that
plays a crucial role in inflammatory processes [43]. Furthermore, TNF is very important
in the early phase of wound healing, modulating collagen synthesis, fibroblast prolifera-
tion and angiogenesis [44,45]. Depending on the phase of the healing process, however,
increased TNF levels can improve wound healing on the one hand, but also worsen it on
the other [46,47]. In our experiments, TNF expression was increased in a dose-dependent
manner by NIPP-treatment in HGF and HGK cells (Figure 4a,b). Similar effects of NIPP
on TNF regulation have been observed in PDL cells using a different device (DBD) [32].
Moreover, in an animal model, NIPP also regulated TNF levels during wound healing at
2 d [48]. In contrast, in osteosarcoma cells TNF was not modulated by NIPP at 1 d [49].
Interestingly, other studies also demonstrated that prostate cancer cells show no change in
TNF protein levels 4 h after NIPP application [50]. Both studies used a technical identical
precursor model of the plasma device that we used, but with a slightly reduced gas flow of
three standard litres/minute. Different cell types and different tissues appear to respond
differently to NIPP application. However, one reason could also be the treatment time, as in
the studies that showed no effect of plasma on TNF regulation, NIPP was only applied for
a short time (10 s; lower gas flow). Further studies are needed to clarify this. Interestingly,
in the present study, NIPP had no significant effect on the regulation of TNF protein in
HGEF cells, even though the expression of TNF was altered in the presence of NIPP. In HGK
cells, after the initial upregulation by NIPP, there were even significantly lower protein
levels compared to the untreated control after 2 d (Figure 4a,b). The discrepancy between
the transcriptional and protein levels of TNF could possibly be due to post-transcriptional
regulation mechanisms mediated by NIPP [51]. For inflammatory factors, it has been
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described that RNA-binding proteins can regulate stability and the translational efficiency
of the targeted mRNA [52]. Moreover, NIPP could have affected protein levels in the
supernatant by the inhibition of TNF secretion. Further experiments are necessary to clarify
this possibility.

In the present study, CCL2 was also regulated by NIPP treatment. NIPP resulted in
a dose-dependent upregulation of CCL2 expression, whereas a slight decrease in CCL2
protein levels was observed in both HGF and HGK cells after 1 d. This reduction was even
more pronounced in HGK cells after 2 d (Figure 5a,b). CCL2 is an important chemokine
in early inflammation, being essential for monocyte recruitment and the activation of
macrophage. Therefore, CCL2 represents a key molecule of inflammatory reactions to
microbial pathogens and traumatic insults, as well as in wound healing [53,54]. CCL2 has
been shown to improve wound healing by increasing the expression of growth factors [11].
The CCL2 regulation by NIPP in wound healing processes has also been described by
other investigators. Arndt et al. observed an induction of CCL2 protein by NIPP in dermal
fibroblasts after 1 d and 2 d [55]. Similar to TNF, we also found a rather inhibitory effect
of NIPP on CCL2 protein regulation. Our opposite observation as compared to the study
by Arndt et al. could be explained by the use of dermal instead of gingival fibroblasts in
their study. Additionally, in their study, cells were exposed to a plasma torch in contrast
to our study, where a plasma jet was applied [55]. Further studies applying plasma jet
and plasma torch devices to the same cell type are needed to detect differential CCL2
regulation. The fact that CCL2 was downregulated by NIPP in our study again indicates
the anti-inflammatory effect of NIPP.

Furthermore, we focused on the regulation of IL1B expression after NIPP treatment.
IL1 is a cytokine that is released by many cell types and plays an important role in acute
phase reactions in particular [56]. Like other cytokines, it is also important for the process of
wound healing by controlling, for example, angiogenesis [57]. Moreover, IL1 is also found
in high concentrations in burnt or chronic wounds, and targeting this cytokine improves
wound healing [58,59]. In our study, IL1B in HGK and HGEF cells was upregulated at
transcriptional level but downregulated at protein level. The NIPP-induced upregula-
tion of IL1B as observed in the present study was also found in PDL and osteosarcoma
cells [31,32,49]. The downregulation of IL1B protein in the present study again underlines
the anti-inflammatory effect of NIPP. A reduction in IL1B protein levels with a simultane-
ous improvement of wound healing by NIPP has already been shown by other authors in
clinical studies and again confirms the anti-inflammatory effect of NIPP [60]. Interestingly,
a 10 s application of NIPP generated by a plasma jet in prostate carcinoma cells caused no
change in the protein regulation of IL1B after 4 h [50]. One reason might be, as mentioned
above, the lower intensity of the gas flow, the shorter the application time or the shorter
the time of incubation. Finally, however, it cannot be excluded that prostate cancer cells
respond differently to NIPP than gingival cells. Further experiments with correspondingly
short application and examination times on gingival cells are necessary to better understand
the regulation of IL1B following NIPP treatment.

Similar effects were also shown for the other cytokines IL6 and IL8. IL6 is a proin-
flammatory cytokine that is released during acute-phase reactions. It is released in the
early inflammation phase and contributes to the lymphocytes differentiation and leukocyte
chemotaxis [61,62]. In addition, IL6 is essential for wound healing by promoting growth
factor release [7,12]. Interestingly, the expression of IL6 in HGF and HGK cells was not
significantly altered by NIPP. This was in contrast to observations in PDL cells in previous
studies [32]. Differences could be due to the different NIPP devices used (DBD vs. plasma
jet) or the different cell types. Similar to IL1B, we found an inhibitory effect of NIPP on IL6
secretion at 1 d in HGF and at 2 d in HGK cells. Similarly, other investigators have shown
an anti-inflammatory effect of NIPP in periimplantitis involving the regulation of IL6 [63].
Thus, our results are in accordance with this in vivo study. Interestingly, NIPP causes
an opposite regulation of IL6 in LNCaP than in PC3 cells after 4 h—both cell lines were
stimulated with a plasma jet for 10 s [50]. This proves that different cells react differently
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to the influence of NIPP. For a better comparison, application times of 10 s should also be
applied to gingival cells in further investigations.

Additionally, the chemokine IL8 was a focus of this study, since it is not only involved
in the chemotaxis of neutrophiles and acute inflammation, but is also essential for proper
wound healing [13,64]. In HGK cells, IL8 levels were similar to that of IL6 after NIPP
treatment. Like in dermal fibroblasts and MG63 cells, we observed a dose-dependent
upregulation of IL8 expression after NIPP treatment [31,65]. Like the other cytokines, the
protein levels of IL8 were reduced after NIPP treatment. This was also shown in PC3
prostate carcinoma cells using a precursor model of the plasma device we used [50]. In a
clinical trial, anti-inflammatory effects related to IL8 after NIPP treatment on diabetic foot
ulcers were also observed [60]. Thus, our results suggest that the anti-inflammatory effects
of NIPP are also mediated by IL8 regulation in gingival cells.

In the present study, discrepancies in expression and protein levels were found for
CCL2, IL1, 116 and IL8. In general, however, the clinical effects are reflected only in protein
synthesis and secretion, but not in mRNA transcription. One reason for the discrepancies
between mRNA expression and protein levels could be that NIPP inhibits protein secretion.
Additionally, post-transcriptional modification could also be a reason [51]. We may have
discovered a new mechanism for NIPP that should be clarified in future studies. We can,
therefore, conclude a strong downregulation of inflammatory markers mediated by NIPP.
This anti-inflammatory effect should be further investigated in additional in vitro and ex
vivo studies.

The present study was Intended as a follow-up study to the data already described
in Eggers et al. 2022, in which we observed a stimulating effect of NIPP on proliferation
and remodelling [30]. The proliferation-promoting effect of NIPP has also been described
by other authors in in vitro [66], in vivo [67] and clinical studies [68], but the underlying
mechanisms are still largely unknown. Our study demonstrates that anti-inflammatory
effects are induced by NIPP even in the absence of an inflammatory state, with a simultane-
ous proliferation-promoting effect of NIPP. This suggests that NIPP promotes regenerative
rather than reparative wound healing. Regeneration is characterized by proliferative pro-
cesses in the course of which damaged cells are replaced and the tissue section concerned
is functionally restored as well. This contrasts with reparative wound healing processes.
These also include proliferation, but are accompanied by fibrosis, scarring, and usually a
permanent change in tissue structure and functionality [69]. This is a characteristic of embry-
onic wounds, which are distinguished by an inflammatory reaction with considerably fewer
differentiated inflammatory cells, and which, therefore, heal without scarring—in contrast
to the wound healing of adult skin [70,71]. As the profile of growth factors released—for
example, the significantly lower TGF-B levels in embryonic wounds—are also very different
from that in adult wounds [71], this should be the focus of further investigation to better
understand NIPP-mediated gingival wound healing.

Furthermore, other wound healing interventions that control cytokine release have
also been described. For example, ozone, which has been demonstrated to promote wound
healing, has also been shown to reduce inflammatory cytokines during the healing pro-
cess [72]. Additionally, laser treatment has been shown to improve wound healing by
directly modulating the regulation of cytokines [73]. Comparisons between the effects
of laser, NIPP, or ozone are needed to better predict the clinical value of these treatment
approaches. It has to be considered that a comparison of studies with different plasma
devices is only possible to a very limited extent. The technologies used for plasma gener-
ation, but also the device parameters—for example, carrier gas, flow rate, frequency—of
similar devices influence the properties of the plasma and, subsequently, the ROS compo-
sition. Thus, the biological effects also vary [74]. Moreover, a frequent oversight is that
malignant cells are often compared with non-malignant cells in experimental approaches.
Here, the different physiological conditions can also lead to—possibly NIPP-independent—
variations in cell responses. Only the NIPP treatment duration allows an approximate
comparability of experiments. Finally, clinical studies with patients are the gold standard
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for robust statements on NIPP efficacy in the various diseases and defects. In this study,
we focused on the direct application of NIPP as a simple, inexpensive and non-harmful
method for improving wound healing. As we have already demonstrated a wound-healing
and mineralisation-promoting effect for hard tissue in previous studies [31,75], NIPP could
be used by dentists for different procedures. For example, the antimicrobial effect would
allow an application in the field of immediate implantation. For successful osseointegration,
the elimination of microbial infection in post-extraction sockets is important for one-step
implantation. The direct application of NIPP to post-extraction sockets could minimise
complications by its antimicrobial effects [76]. In addition, NIPP could accelerate the heal-
ing of the peri-implant tissues. Future in vivo studies should clarify if NIPP can be used
for the treatment of these post-extraction sockets. In addition, the application in the field of
periodontology would also be possible and has already been investigated in some studies
in vitro and in clinical trials [28,32]. In comparison to non-chirurgical periodontal treatment,
a reduced recolonisation of putative periodontopathogens has been observed [28]. Further
studies, especially clinical studies, are needed to determine the value of NIPP compared
to conventional therapy. Indirect applications of NIPP have also been described in the
literature, which substantially expand the treatment spectrum and, for example, allow
rinsing [77,78]. Thus, the effect of NIPP-treated liquids on oral cells could also be a focus of
future studies.

The presented study has some limitations. It is important to keep in mind that we
used commercially available cells in our study. Patient-specific primary HGF cells and
primary HGK cells may show different gene expression profiles. Further studies should,
therefore, investigate the inflammatory factors in primary cells in more detail. Furthermore,
it must be emphasized that the analyses of the NIPP effect on gingival cells were studied
only after 1 d and 2 d. Extended incubation times after NIPP treatment might allow better
conclusions to be drawn. However, we focused on studying these short time points because
our previous studies show that they are the most appropriate for studying the NIPP effect
on hard and soft tissue cells [29-32], and this is in line with other authors [55]. In addition,
the presented study aims to expand the results already published on proliferation and
remodelling with the same observation time points [30]. Nevertheless, the investigation
of factors of inflammation, proliferation, degradation and matrix remodelling should
also be investigated for further time points, such as 3 d or 7 d, and should, thus, be a
focus of further investigations. We were also only able to examine a small selection of
wound healing-associated factors. Other cytokines (IL2, IL4), growth factors (EGF, KGF),
and MMPs (MMP2, MMP7, MMP9) relevant to the wound healing process may also be
affected by NIPP treatment. Furthermore, our hypothesis of regenerative rather than
reparative wound healing mechanisms should be confirmed by further in vitro studies.
Markers that are characteristic of embryonic wounds, such as TGF-B1, TGF-B2, TGF-B3
and PDGEF [71], should be investigated in more detail after NIPP treatment to clarify this
hypothesis. Moreover, it must be noted that only one NIPP device was used in this study.
Therefore, statements on the general NIPP efficacy are only possible to a limited extent.
With regard to the implementation of NIPP therapies in dentistry, other NIPP devices would
also have to be characterised and compared with each other. It is possible that different
devices/technologies are differently suited for different clinical applications. Finally, the
effects of NIPP should be confirmed in a clinical trial to better understand the proliferation-
promoting and anti-inflammatory effect of NIPP, as well as to establish the application of
this non-invasive technology in dentistry.

5. Conclusions

Overall, our data show that NIPP treatment leads to a reduction in the protein levels
of numerous inflammatory mediators in gingival cells. This anti-inflammatory effect of
NIPP may be at least partly responsible for the promotion of gingival wound healing by
NIPP (Figure 9). NIPP could, therefore, be a promising treatment strategy for the therapy
of infected and slow-healing oral wounds.
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