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Effect of cold plasma on periodontal wound healing—an in vitro study
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Abstract
Objectives Cold atmospheric plasma (CAP), a room temperate ionized gas, seems to be a possible way to enhance tissue
recovery. An in vitro study was conducted to investigate the influence of medical CAP on the regenerative capacity of human
periodontal ligament (PDL) cells.
Material and methods Human PDL cells were subjected to CAP at various intensities, distances, and durations. The effects of
CAP on a number of specific markers were studied at transcriptional level using real-time PCR. Additionally, an in vitro wound
healing assay was applied to PDL cell monolayers either in the presence or absence of CAP by using JuLI™ Br Live Cell
Analyzer and software. Finally, cell viability of CAP-treated cells was analyzed by an XTT assay.
Results CAP treatment enhanced significantly the expression of the cytokines tumor necrosis factor (TNF)α, cyclooxygenase
(COX)2, interleukin (IL)-1β, IL-6, IL-8, collagen (COL)1α, and matrix metalloproteinase (MMP)1, as well as the proliferation
markers Ki67 and proliferating cell nuclear antigen (PCNA), but downregulated apoptotic markers Apaf1 and p53. Additionally,
the in vitro wound healing rate was significantly enhanced after CAP application. Moreover, CAP treatment resulted in a
significantly increased cell viability in the XTT assay.
Conclusion This in vitro study shows that CAP has regulatable effects on markers of periodontal wound healing thereby
underlining the potential use of CAP as a benefit treatment strategy.
Clinical relevance Our study demonstrates the application of CAP in the treatment of oral pathologies suggesting a promising
future treatment approach.
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Introduction

Clinical wound healing is a multifactored process that com-
prises different phases, each overlapping and interacting with

the others [1]. The inflammatory phase begins with the intrin-
sic and extrinsic pathway of the coagulation cascade, which is
activated after injury. Neutrophils of the blood, after their
migration into the fresh wound, remove foreign material,
such as bacteria, dead cells, and damaged extracellular
matrix (ECM) [2]. Multiple growth factors and cytokines,
such as IL-1β, IL-6, IL-8, and TNFα, have been shown to
be secreted by periodontal ligament (PDL) cells and gin-
gival fibroblasts. They regulate the production of matrix
metalloproteinases (MMP) such as MMP1 and influence
the remodeling of the soft and hard tissue [3–5]. Incoming
mast cells releasing their granula are responsible for the
typical signs of inflammation: redness, swelling, pain, and
heat [6]. Two to three days after injury, monocytes are
attracted to the wound through chemotaxis to initiate the
process of phagocytosis [7]. The phase of proliferation
usually starts at the second up to the tenth day after injury
with the migration of fibroblasts which proliferate and
produce new ECM components such as collagen and to
build up granulation tissue [2]. Epidermal growth factor
(EGF) stimulates the epithelialization, while angiogenesis
is induced by vascular endothelial cell growth factor
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(VEGF) [8, 9]. The final phase of remodeling starts 2–
3 weeks after injury and lasts up to 2 years [10]. It is
characterized by a reorganization of the collagen matrix
and a continuous contraction of the wound regulated by
growth factors like PDGF, TGF-β, and FGF [11, 12].

For the entire wound healing process, periodontal recovery
is of major importance [13]. The wound healing processes in
the oral cavity, such as periodontal wound healing, are influ-
enced by various internal and external factors, in particular
systemic diseases or states of immunodeficiency (e.g., diabe-
tes, HIV, and steroid therapy) or environmental toxins like
nicotine or alcohol [14–16].

The PDL, consisting mainly of PDL fibroblasts and
collagen fibers, connects the teeth with the surrounding
bone and absorbs mechanical strain, induced by masti-
cation or trauma. This physically adapted stress makes
PDL cells an important factor in oral adaption process-
es, which is also essential in periodontal homeostasis
and local immune response [17]. The PDL fibroblasts
regulate the synthesis and remodeling of the ECM
[18]. For this reason, we chose PDL as a wound model
in our investigation.

Periodontal healing can be induced by surgical or non-
surgical debridement to reduce pathogens in periodontal
pockets. Usually, periodontal healing results in regenera-
tion of tissue structures and can be supported by using an
enamel matrix derivative [19] as well as laser procedures
[20], each of both with the potential to significantly im-
prove attachment levels.

Cold atmospheric plasma (CAP), a room temperate
ionized gas, has recently been identified as a possible
way to augment tissue restauration. Plasma is described
as the fourth state of matter, which can be reached by
adding energy to a gaseous material. There are different
plasma devices, which can either use inert gas like argon
or helium to generate CAP or the ambient air, which con-
tains oxygen and nitrogen [21–24]. Ambient air plasma
devices are easier to use for clinical application because
of the absence of any inert gas. Plasma application leads
to an electric charge of the atomic parts between instru-
ment probe and the treated surface creating reactive com-
ponents with several effects. Numerous studies have dem-
onstrated the capacity of CAP to enhance wound healing
as well as a treatment for candida or skin diseases or for
decreasing tumor growth [25–30]. Nevertheless, our un-
derstanding of the role of CAP in periodontal wound
healing and remodeling as well as of the underlying
mechanisms is still limited so far. A number of studies
have shown different effects of CAP on gene expression
in various cells, including an upregulation of inflammato-
ry or apoptotic genes [31, 32]. Therefore, the main objec-
tive of the present study was to examine the regulatory
effect of CAP exposition to PDL cells in vitro.

Materials and methods

PDL cell culture

PDL cells of 5 young, healthy individuals (age 11–
19 years; 3 males/2 females) from premolar roots using
the explant method [33] were used. The teeth of all pa-
tients had been extracted for orthodontic reasons and
written informed consent and approval of the Ethics
Committee of the University of Bonn were given
(#111/17). PDL tissue explants were dissected from the
middle third of the root surface with a sharp scalpel,
washed wi th phospha te -buffe red sa l ine (PBS,
Invitrogen, Karlsruhe, Germany), minced into small
pieces, and cultured in Dulbecco’s modified essential
medium (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum (FBS, Invitrogen), 100 units penicil-
lin, and 100 μg/ml streptomycin (Invitrogen) at 37 °C in
a humidified atmosphere of 5% CO2 and 95% air for 2
to 4 weeks. After passaging, cells were seeded into 35 ×
10 mm Petri dishes and cultured to 80% confluence. One
day prior to the experiments, the FBS concentration was
reduced to 1%. Medium was changed every 2 days
throughout the whole cultivation period. Seeding proto-
col was applied to analysis of gene expression, wound
healing assay, and XTT assay.

Cold plasma application and preliminary experiments

A plasma device (PlasmaONEDENTAL/MEDICAL, Plasma
MEDICAL SYSTEMS® GmbH, Nievern, Germany) was
used for the application of CAP to PDL cells (Fig. 1). In this
device, pulsed direct current (35 V) is transformed to high
voltage that leads to an electric field at the tip of the probe.
This electric field ionizes the ambient air and generates CAP
thereby. The CAP can be used at five levels of intensity, mod-
ulating the high voltage (3–18 kV).

In preliminary experiments, PDL cells were exposed to
CAP treatment with various intensities, distances, and for dif-
ferent durations. Optimal research conditions were identified
after 30, 60, and 120 s of CAP treatment, with intensity levels
3 and 5 and at 1 and 2 cm distance tomonolayer cells using the
PS30 instrument probe, totally covering the 35 × 10 mm Petri
dish. For each setting, the optimal time, intensity, and distance
were selected after preliminary experiment.

Analysis of gene expression

After CAP treatment with intensity levels 3 and 5, 1 and
2 cm distance, and a duration of 30, 60, and 120 s, total
RNA of PDL cells was extracted 24 h after CAP treatment
using an RNA extraction kit (Qiagen, Hilden, Germany).
First, 1 μg of RNA was reversely transcribed using
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iScr ip t™ Selec t cDNA Synthes is Ki t (Bio-Rad
Laboratories, Munich, Germany) at 42 °C for 90 min
followed by 85 °C for 5 min. mRNA expression of
TNFα, COX2, MMP1, IL-1β, IL-6, IL-8, COL1α, Ki67,
PCNA, Apaf1, and p53 was detected by real-time PCR
using the iCycler iQ™ detection system (Bio-Rad
Laboratories), SYBR Green (Bio-Rad Laboratories), and
specific primers (QuantiTect Primer Assay, Qiagen). One
microliter of cDNAwas amplified as a template in a 25-μl
reaction mixture containing 12.5 μl 2× QuantiFast SYBR
Green PCR Master Mix (Qiagen), 2.5 μl of primers
(0.5 μM each), and 9 μl deionized water. The mixture
was heated at 95 °C for 5 min initially, followed by 40 cy-
cles with denaturation at 95 °C for 10 s and combined
annealing/extension at 60 °C for 30 s. GAPDH was used
as an endogenous control. mRNA was quantified by the
comparative threshold cycle method.

Wound healing assay

In the PDL cell monolayers, 3 mm wide defects (wounds)
were created in a standardized manner, as previously de-
scribed by Memmert et al. [34]. The wounded monolayers
were treated with CAP for 60 s at a distance of 2 cm at high
intensity (level 5). Filling of the wound and cell migration
were evaluated over a period of 72 h using JuLI™ Br Live
Cell Analyzer and a special JuLI™ Br PC software (both:
NanoEnTek, Seoul, Korea). For this test module, the chosen
time, intensity, and distance to the cell layer were shown by
preliminary experiments.

XTT assay

Cell viability was determined using the cell proliferation
kit XTT (Applichem, Darmstadt, Germany). After

preliminary experiments to determine the appropriate
study design, PDL cells (5.000/well) were seeded into
96-well plates and grown to 80% confluence. CAP stim-
ulation was performed at a distance of 2 cm for 60 s at
low intensity (level 3) and high intensity (level 5). After
24 h of cultivation, XTT reagent solution was added to
the medium for 4 h followed by the measurement of ab-
sorbance at 475 nm with correction wavelength 630–
690 nm in a microplate reader (PowerWave x, BioTek
Instruments, Winooski, VT, USA). This study design
was shown by preliminary experiments as the optimal
treatment modality.

Statistical analysis

All experiments were performed in triplicates and repeat-
ed at least twice. Mean values and standard errors of the
mean (SEM) were calculated. Parametric (ANOVA and
Dunnett’s tests) and non-parametric (Mann-Whitney U)
tests were applied for statistical analysis using the IBM
SPSS Statistics 24 software (IBM Corporation, Armonk,
NY, USA). Differences between groups were considered
significant at p < 0.05.

Results

Upregulation of proinflammatory cytokines
and MMP1 in CAP-treated PDL cells

CAP on PDL cells increased significantly mRNA expres-
sion of IL-1β, IL-6, and IL-8 as compared to untreated
cells after 1 day, which is shown in Fig. 2a. In addition,
we observed a significant increase in mRNA expression
of TNFα in CAP-treated PDL cells as compared to

Fig. 1 CAP treatment of PDL
cells using the plasma device
(Plasma ONE DENTAL/
MEDICAL, Plasma MEDICAL
SYSTEMS® GmbH, Nievern,
Germany). a 1 cm distance, no
medium. b 2 cm distance, no
medium. c 1 cm distance, DMEM
medium. d 2 cm distance, DMEM
medium
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control cells as shown in Fig. 2b. A significant in upreg-
ulation of COX2, which also plays an important role in
the inflammation phase, was also observed after CAP ap-
plication (Fig. 2b). Moreover, since matrix remodeling is
another also essential process during wound healing, we
also analyzed MMP1 regulation after CAP treatment and
observed a significant increase of MMP1 gene expression
after 1 day as shown in Fig. 2b. The gene expression of
CAP in PDL cells was time dependent as shown in
Fig. 2c, d. After 30 s of CAP exposition, a significant
increase in gene regulation of IL-8 and COX2 was ob-
served with the highest RNA expression after 120 s of
CAP application (Fig. 2c, d). Other observed genes
showed similar results (data not shown).

Regulation of proliferation and type I collagen
formation in CAP-treated PDL cells

According to the important role of PDL cell proliferation
in periodontal wound healing, we studied the effects of
CAP on the proliferation markers, PCNA, and Ki67, and
also on the expression of a component for extracellular
matrix synthesis, COL1α. After 60 s of CAP treatment,
the mRNA expression of these genes—especially
PCNA—increased significantly as compared to untreated
cells (Fig. 3a, b). Additionally, in order to study the stim-
ulation of cell proliferation effects employing CAP, we
used a commercial XTT assay. As shown in Fig. 3c,
CAP treatment of PDL cells for 60 s significantly

Fig. 2 mRNA expression of PDL cells after CAP treatment at a distance
of 2 cm, level 5 of plasma device at 1 day. amRNA expression of IL-1β,
IL-6, and IL-8 after 60 s of CAP treatment (n = 6). bmRNA expression of
TNFα, COX2, and MMP1 after 60 s of CAP treatment (n = 6). c Time-

dependent mRNA expression of IL-8 after CAP treatment for 30, 60, and
120 s (n = 6). *statistical significance. d Time-dependent mRNA expres-
sion of COX2 after CAP treatment for 30, 60, and 120 s (n = 6). *statis-
tical significance
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improved cell viability after 24 h (Fig. 3c). The increase in
proliferation rate was intensity dependent, resulting in dif-
ferent responses to CAP exposition at levels 3 and 5 of the
plasma device. Furthermore, the increase in proliferation
rate was more pronounced for cells covered by medium
during CAP exposition, as shown in Fig. 3c.

Effects of CAP on periodontal wound healing

In addition, we used an established assay to study the wound
healing. Using live microscopy, we demonstrated the influ-
ence of CAP treatment on PDL cells which, interestingly,
resulted in a remarkable higher wound closure rate as

Fig. 3 CAP exposition on PDL cell culture at a distance of 2 cm for 60 s
at 1 day. a mRNA expression of Ki67 and PCNA (intensity: level 5 of
plasma device) (n = 6). bmRNA expression of COL1α (intensity: level 5
of plasma device) (n = 6). c XTT assay (cell proliferation assay):

intensity-dependent (low = level 3 of plasma device, high = level 5 of
plasma device) CAP exposition on medium-covered PDL cells and
PDL cells without medium after 24 h (n = 9). *statistical significance
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compared to the non-plasma-treated group after 72 h.
Stimulation of wound closure by plasma confirmed and ex-
panded our previous results (Fig. 4a, b).

Regulation of apoptosis markers in CAP-treated PDL
cells

Finally, we aimed to investigate apoptotic effects of CAP
on PDL cells. For this reason, we measured gene regulation

of Apaf1 and p53. The application of CAP on PDL cells at
both intensity levels (3 and 5) significantly decreased
mRNA expressions of Apaf1 and especially p53 as com-
pared with untreated cells after 1 day, as shown in Fig. 5.
Although both intensity levels downregulated apoptotic
markers, the inhibitory effect of CAP was more effective
at the low-intensity level. Specifically, the downregulation
of Apaf1 gene was almost 90% and approximately 40% for
p53 (Fig. 5a, b).

Fig. 4 Evaluation of wound
closure with JuLi Br Live Cell
Analyzer in wounded PDL cell
cultures after CAP expression for
60 s at a distance of 2 cm, level 5
of plasma device over a period of
72 h. a Microscopical evaluation
before wounding, immediately
after wounding, and after 72 h
past CAP treatment. b
Quantitative assay of wound
closure (n = 14). *statistical
significance
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Discussion

The present study provides evidence that CAP has a positive
effect on PDL cells, evidenced by a higher cell proliferation.
The upregulation of matrix, proliferation, inflammation, and

degradation genes as well as a downregulation of apoptotic
genes underlines these findings.

In the literature, many in vivo studies describe the positive
effects of cold atmospheric plasma on various cells. The plas-
ma device we used is not based on inert gas like argon or

Fig. 5 mRNA expression of PDL
cells after CAP treatment at a
distance of 2 cm for 60 s. a
mRNA expression of Apaf1 and
p53, level 3 of plasma device (n =
6). b mRNA expression of Apaf1
and p53, level 5 of plasma device
(n = 6), *statistical significance
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helium, which is often described [21, 35].We used ambient air
as working gas, like other authors [22, 23]. The Plasma ONE
uses direct current to create a high frequency, which causes an
electric field at the tip of the probe. Finally, the plasma is
produced by ionization of the ambient air, allowing for an
easier clinical use. In comparison to plasma devices using
inert gas, however, the ambient air has variable temperature
and pressure instead of a consistent inert gas. In fact, Haertel
et al. showed differences of multiple plasma devices on cell
viability of HaCaT keratinocytes [24]. Further studies are
needed to show the difference between the effects of ambient
air-generated CAP and argon/helium-generated CAP on hu-
man PDL cells.

Different ways of CAP application were discussed—either
applying the CAP directly on cells or exposingmedium to CAP
in order to generate plasma-activated medium with cell-
influencing effects [36–38]. In our study, a higher level of
60 s CAP application in a distance of 2 cm to the cells resulted
in higher gene expression of critical inflammation, matrix, pro-
liferation, and degradation markers with downregulated apo-
ptotic genes. A higher mRNA expression was also achieved
by with longer times of CAP exposure (data not shown).
Interestingly, recent studies demonstrated a time- and
distance-dependent stimulatory effect by application of CAP,
attributed to the generation of reactive oxygen species [21, 39].
Further experiments are needed to disclose both the duration of
CAP application and different levels of intensity to find the
most effective way of application for wound healing effects.

In the present study, TNFα, COX2, MMP1, IL-1β, IL-6,
IL-8, COL1α, Ki67, and PCNA gene expression increased
significantly. The cytokines IL-1β, IL-6, IL-8, and TNFαme-
diate key roles in inflammation, and play an important role in
operating the extracellular matrix, which is essential for the
normal healing process in case of injury. An upregulation of
these inflammatory genes after CAP treatment was also
shown by Arndt and Zhong [32, 40]. In this context, the up-
regulation of COX2, which plays an important role in regulat-
ing the production of prostanoids associated with cytokines
and inflammation, was demonstrated in our examination
(Fig. 2b, d). MMP1 being part of the extracellular matrix plays
an important role in morphogenesis, inflammation, and
wound healing, by regulating cell migration, differentiation,
angiogenesis, and degradation. An upregulation of MMP1 in
PDL cells after CAP treatment could be shown, which under-
lines the proliferation process of matrix molecules (Fig. 2b).

COL1α is a part of the extracellular matrix as well. An in-
crease in gene regulation of Col1α after CAP treatment signifies
an upregulated proliferation function of the PDL cell. The up-
regulation of COL1α was also demonstrated by Kwon et al.,
who also found an increase in COL1 gene of human gingival
fibroblasts after CAP application [41]. Ki67 and PCNA are
molecules which are expressed in proliferating cells. CAP treat-
ment of fibroblasts leads to an upregulation of Ki67 and PCNA,

implicating an active cell proliferation process. Delben et al.
showed similar results in an in vitro model, using CAP-treated
oral keratinocytes [42]. p53 plays a central role in apoptosis and
senescence and is an important factor in cellular stress response.
The applications of CAP on PDL cells lead to a significant
decrease in gene expression of p53 and Apaf1. We mainly fo-
cused on these genes, which are known to be a major part of the
apoptotic pathway. p53 induces Apaf-1 gene expression, which
results in an activation of CASP9, -3, -6, and -7, leading to
apoptosis. Whether CAP application affects additional mole-
cules of the apoptotic/survival pathways, such as BCL2, BAD,
and CASP9, has to be examined in future studies. The CAP-
associated reduction in expression of apoptotic genes underlines
a positive effect of CAP treatment on PDL cells. Further exper-
iments should clarify whether additional apoptotic genes are
downregulated by CAP treatment. However, Turrini et al.
showed an upregulation of p53 genes in leukemia cells after
cultivation in CAP-treated medium [31]. An upregulation of
p53 genes after CAP treatment was also shown by Arndt et al.
for melanoma cells [22] and Gümbel et al. for osteosarcoma
cells [43]. There seems to be a difference from the extent of
p53 gene expression in various cell types after CAP treatment,
suggesting that CAP treatment leads to proapoptotic properties
of malignant cells. The fact that both our apoptotic markers (p53
and Apaf1) were downregulated by CAP treatment underlines a
positive effect on oral tissues. Further studies will have to ex-
amine, if there are differences in other oral cell types.

In the in vitro scratch assay, a higher cell migration of 60 s
CAP-treated PDL cells could be observed. Schmidt et al. dem-
onstrated an improved healing in an in vitro wound model of
fibroblasts and keratinocytes in CAP-treated medium [44]. The
improved cell migration rate of fibroblasts was also shown by
Arndt et al. [40], but was not observed in keratinocytes [45]. A
higher wound closure of cells was also found by Lendeckel
et al., who examined a time-dependent effect of plasma-
treated epithelial cells up to an application time of 120 s. A
longer duration of plasma application (240 s, 360 s) led to a
lower regeneration efficiency and blocking of the regeneration
process [46]. A further examination for longer application of
CAP on PDL cells is necessary to confirm these results.

In this study, CAP treatment of 60 s resulted in a higher
intensity-dependent cell viability of PDL cells, measured by
an XTT proliferation assay. Medium-covered PDL cells
showed higher cell viability in contrast to cells deprived of
medium, maybe resulting in positive effects of an activation of
the medium, as often described in literature [31]. However,
Lee et al. described a viability loss of fibroblasts and oral
squamous cell carcinoma cell lines after 1 min of CAP treat-
ment [47]. Maish et al. also observed a decreasing viability of
fibroblasts after 1 and 2 min of CAP treatment, while CAP
treatment of keratinocytes leads to an increasing viability [48].
Arndt et al. did not see any influence in cell proliferation of
fibroblasts and keratinocytes after 2 min of CAP treatment
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[40, 45]. In regard to the different outcomes of the cited stud-
ies and our experiments, varying cell lines seem to react dif-
ferently towards CAP application further research has to show,
whether there is an influence of CAP treatment for cell viabil-
ity in other gingival cells.

Several studies reported a wound healing and anti-cancer
capacity of CAP treatment: for example, a treatment of glio-
blastoma and breast cancer cells with so-called plasma-acti-
vated medium resulted in an intensity-dependent viability [36,
38]. This anti-cancer effect of plasma-activated medium was
also supported by Shi et al., who used ambient air as working
gas for creating CAP for cultivating oral carcinoma cells [23].

Finally, further experiments will need to be confirmed
in vivo. Schmidt et al. showed an accelerated wound closure
in immunocompetent mice [44]. This is supported by a study
of Arndt et al., who also observed an increased accumulation
of inflammatory macrophages and neutrophils in the early
phase of wound healing in CAP-treated wounded mice as
suggested reason [40]. The same authors also observed an
enhanced angiogenesis in mice after CAP treatment [49].

Conclusion

In conclusion, we hereby provide substantial evidence that the
application of CAP on PDL cells has a positive influence on
cell activity. An upregulation of matrix, proliferation, inflam-
mation, and degradation genes, a downregulation of apoptotic
genes, a higher cell proliferation, and wound closure were
observed after the application of CAP. Although a standard-
ized technique of CAP treatment still needs to be developed,
with respect to standardization concerning the use of different
plasma devices and treatment modalities, our results underline
the practical use of CAP as a benefited treatment strategy.
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