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Abstract: Plasma medicine is gaining increasing attention and is moving from basic research into
clinical practice. While areas of application are diverse, much research has been conducted assessing
the use of cold atmospheric pressure plasma (CAP) in wound healing and cancer treatment—two
applications with entirely different goals. In wound healing, a tissue-stimulating effect is intended,
whereas cancer therapy aims at killing malignant cells. In this review, we provide an overview of
the latest clinical and some preclinical research on the efficacy of CAP in wound healing and cancer
therapy. Furthermore, we discuss the current understanding of molecular signaling mechanisms
triggered by CAP that grant CAP its antiseptic and tissue regenerating or anti-proliferative and cell
death-inducing properties. For the efficacy of CAP in wound healing, already substantial evidence
from clinical studies is available, while evidence for therapeutic effects of CAP in oncology is mainly
from in vitro and in vivo animal studies. Efforts to elucidate the mode of action of CAP suggest that
different components, such as ultraviolet (UV) radiation, electromagnetic fields, and reactive species,
may act synergistically, with reactive species being regarded as the major effector by modulating
complex and concentration-dependent redox signaling pathways.

Keywords: cancer therapy; cold physical plasma; dermatology; plasma medicine; reactive oxygen
and nitrogen species

1. Introduction

In recent years, the field of plasma medicine is gaining more and more attention. Cold atmospheric
pressure plasma (CAP) is composed of a complex mixture of biologically active components that may
act synergistically on the treated materials and tissues and may have a variety of different biologic
effects. The partially ionized gas mixture includes chemical and physical components, such as different
reactive oxygen and nitrogen species (RONS), charged atoms and molecules, electrons, ultraviolet (UV)
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radiation, visible light, and electromagnetic fields [1]. The application spectrum of CAP ranges from
decontamination, coagulation, surface treatment of implants, dentistry, as well as cosmetic and plastic
surgery to skin diseases and cancer treatment [2,3]. A substantial number of studies have been
conducted concerning different CAP applications in dermatology. While a significant portion of the
early studies focused on disinfection and wound healing, CAP has also been investigated regarding
its effects on reducing itch and pain, atopic eczema, scars, epidermal barrier defects (ichthyosis) [4].
An increasing number of studies focus on the use of CAP for cancer treatment [5]. While safety
and the beneficial use of CAP as part of a multi-modular wound treatment has been demonstrated
in several structured case reports and randomized case-control studies, the use of CAP for cancer
treatment is an active field of research that warrants further investigations for its translation into clinic
practice. For these two quite different applications of CAP, different properties of CAP are required.
For wound healing, antiseptic and tissue regenerating properties are needed, whereas for cancer
treatment, anti-proliferative and cell death-inducing properties are desired. These properties can be
controlled by the parameters of treatment time and intensity. Higher intensities and treatment times
are needed for cancer treatment, but pose a higher risk for adverse side effects.

This review article provides an overview of the latest literature regarding the clinical use
of CAP for wound healing and cancer treatment. It discusses possible underlying mechanisms
triggered by CAP that grant CAP antiseptic and tissue regenerating or anti-proliferative and cell
death-inducing properties.

2. CAP Treatment to Promote Healing of Acute and Chronic Wounds

A couple of smaller studies and case reports assessed the safety and efficacy of cold atmospheric
pressure plasma (CAP) to treat acute and chronic wounds (Table 1). The first studies primarily aimed at
showing the safety of different CAP devices and a reduction of bacterial load in chronic wounds [6-9].
For example, two prospective randomized and controlled studies assessing the use of a plasma jet
(MicroPlaSter, the predecessor of SteriPlas, Adtec Healthcare; Adtec Plasma Technology Co. Ltd.,
Hiroshima, Japan/London, U.K.), including 36 and 24 patients with chronic wounds, respectively,
showed a significant reduction of the bacterial load [6,7]. A case-control study comparing the
efficacy of another plasma jet device (kINPen MED, neoplas tools GmbH, Greifswald, Germany)
with octenidine dihydrochloride (octenidine) treatment revealed a similar anti-bacterial effect in the
CAP group compared to the octenidine group [9]. A similar study of the same 34 patients showed
advantages regarding the antimicrobial efficacy of sequential treatment with CAP and Octenidine
versus mono-treatment of just one of the two antiseptic treatments [8].

While the primary endpoint of these studies was safety and bacterial load, a retrospective
follow-up study of the two studies by Isbary and colleagues [6,7] revealed that CAP might accelerate
the healing of chronic wounds [10]. A first monocentric two-armed, open, prospective, randomized,
and controlled pilot-study regarding CAP treatment of chronic leg venous ulcers used a dielectric
barrier discharge plasma source (PlasmaDerm VU-2010, Cinogy GmbH, Duderstadt, Germany) and
included 14 patients [11]. Half of the patients received standard wound care, and the other half
received CAP treatment in addition to standard wound care. In both groups, a reduction of wound
size by about 50% was observed, whereas, after three weeks, a faster and stronger reduction of wound
size was observed in the CAP treated group. One patient in the CAP treated group experienced
complete healing.

In the so far discussed studies, wound healing was examined either as a secondary endpoint or
retrospectively. A comprehensive prospective, randomized, controlled trial comprising 50 patients,
however, specifically assessed wound size reduction of pressure-induced ulcers after CAP treatment
(BIOPlasma jet, PhotoBioCare, Nonthaburi, Thailand) and revealed a significantly accelerated wound
size reduction in the CAP treated group [12].

Besides investigating the effect of CAP on chronic wounds, studies have also been conducted to
assess the effects of CAP on acute wounds. In a series of case-reports, four sterile laser skin lesions were
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induced in five volunteers [13]. These acute wounds were treated for either 10 s, three times 10 s, 30 s
with CAP (kINPen MED, neoplas tools GmbH, Greifswald, Germany), or left untreated. Treatment for
three times 10 s and one time 30 s showed the best outcome for early wound healing, as well as 6 and
12 months after treatment [14]. A significantly improved healing of vacuum-generated acute wounds
was observed after CAP treatment (kINPen, neoplas tools GmbH, Greifswald, Germany) in comparison
with either no treatment, octenidine treatment, or sequential CAP and octenidine treatment [15].
Significantly improved wound healing was also observed after CAP treatment (MicroPlaSter f3,
Adtec Plasma Technology Co. Ltd., Hiroshima, Japan/London, U.K.) compared to placebo in a study
assessing the effect of CAP on skin graft donor sites [16]. Half of the skin graft donor wounds were
randomly treated CAP, and the other half received placebo treatment. The healing of the wounds was
assessed in a blinded fashion by independent experts.

Despite these multiple indications for a positive influence of CAP on wound healing,
a meta-analysis published 2019 came to the conclusion that CAP treatment based on the included
studies has no significant effect on wound healing over standard care [17]. This meta-analysis, however,
included only four of the above-discussed studies [9-11,16]. In these studies, three different CAP
sources have been used, and studies investigating the effects of CAP on chronic wounds, as well as
on acute wounds, have been included. Particularly, the study by Chuangsuwanich and colleagues,
which assessed wound size as the primary endpoint and showed a significant effect of the CAP
treatment, was not included in the meta-analysis. Further evidence for a positive effect of CAP
on wound healing comes from a recently published prospective, randomized, placebo-controlled,
blinded, multi-centered study, including 65 chronic wounds of 45 patients with diabetic leg ulcers [18].
While all patients received standard wound care, 33 wounds were treated additionally with eight
applications of CAP (kINPen MED, neoplas tools GmbH, Greifswald, Germany), and the other
32 wounds were treated with placebo (argon gas flowing through the kINPen MED device without
ignition of plasma). This randomized clinical trial revealed a significantly stronger reduction in wound
size and accelerated time to relevant wound area reduction. Interestingly, no significant difference
in the reduction of infection and the microbial load was observed between CAP and placebo groups.
This suggests that improved wound surface reduction and time to wound closure was independent of
background infection [18]. Similar results were presented from another recent randomized clinical trial
assessing the use of CAP (plasma jet, self-constructed) to treat diabetic foot ulcers [19]. Patients were
randomly and double-blinded assigned to one group receiving standard care alone, and another group
receiving standard care and CAP (22 patients per group). Primary endpoints were wound size and
bacterial load. It was found that CAP significantly accelerates wound healing of diabetic foot ulcers.
Immediate antiseptic effects have been observed as well, but these do not seem to last long [19].

Although the here discussed studies and several single case-reports show beneficial effects of
CAP on wound healing in general, not every patient benefits from the treatment. Hence, more research
is needed to optimize CAP treatment regarding the type of plasma source, plasma treatment time,
and plasma treatment intervals. Furthermore, it is conceivable that parameters, such as age, smoking,
alcohol consumption, or body-mass-index, play a significant role regarding the efficacy of the treatment.
Further comprehensive studies will bring about further insights on parameters that may have a positive
or negative influence on CAP treatment success and thus may help to stratify patients before treatment.

Table 1. Clinical trials and case reports of CAP application for treatment of chronic and acute wounds,
as well as (pre-)cancerous tissues.

Plasma Source Treatment of Number of Participants ~ Reference (Year)
MicroPlaSter o Chronic wounds 36 [6] (2010)
CPC 1500 System (jet) Pleural mesothelioma 8 [20] (2010)
MicroPlaSter o/f3 Chronic wounds 24 [71 (2012)
KkINPen Acute wounds 5 [13] (2012)
MicroPlaSter o/3 Chronic wounds 70 [10] (2013)

MicroPlaSter Acute wounds 34 [16] (2013)
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Table 1. Cont.

Plasma Source Treatment of Number of Participants ~ Reference (Year)

KkINPen Acute wounds 6 [15] (2014)

kINPen Chronic wounds 34 [8] (2015)

PlasmaDerm Chronic wounds 14 [11] (2015)

kINPen Chronic wounds 16 [9] (2015)
Advanced squamous cell carcinoma of

KkINPen the head and neck 12 [21] (2015)

BIOPlasma jet Chronic wounds 50 [12] (2016)
Advanced squamous cell carcinoma of ~ Group I: 12

kINPen the head and neck Group II: 9 221 (2016)

Custom-made device with hand-held

electrode (FPG10-0INM10) Actinic keratosis 5 23] (2017)

Locally advanced head and neck

kINPen 6 [24] (2018)
cancers

Adtec Steri-Plas Actinic keratosis 7 [25] (2018)

KkINPen Chronic wounds 45 [18] (2020)

plasma jet Chronic wounds 44 [19] (2020)

3. CAP Application for Cancer Treatment

Besides the tissue regenerating effects, CAP may also have detrimental effects on cells and tissues
when prolonged treatment is performed, or higher intensities are applied [26]. This ability of CAP to
inhibit cell proliferation and induce cell death prompted researchers to consider CAP as an innovative
tool for cancer treatment. The growing interest in the potential use of CAP in oncology is represented
by the increasing cumulative number of respective publications [27]. The vast majority of these studies
were performed in vitro using cell cultures. For instance, an early study noted reduced viability and
induced apoptosis in tumor cells after treatment with a plasma needle [28]. Adding to the large number
of in vitro studies, a growing number of in vivo animal studies is supporting the potential use of CAP
in cancer treatment. For instance, a study using a mouse model with induced tumors showed that in
66% of cases, the tumor completely regressed after CAP treatment, while untreated tumors in the control
group kept growing continuously [29]. Another study reported a selectivity to ablate cancer cells using
CAP, while the corresponding non-malignant cells remained unaffected [30]. Moreover, Bekeschus and
colleagues have demonstrated that the plasma ROS chemistry can be optimized to maximize antitumor
efficacy in vivo [31]. Whereas most studies assessed the use of CAP as a mono-therapy, some studies also
demonstrate a beneficial effect of CAP as a combinatorial therapy, for example, in conjunction with the
cytostatic drug gemcitabine [32]. In this study, mice were treated either with gemcitabine alone, CAP alone,
or a combination of both and compared to an untreated control group. Analysis of the tumor weight
36 days after tumor induction and 12 days after the last treatment revealed a significant advantage of the
combination therapy over each mono-therapy.

While results from in vitro and in vivo animal studies are very encouraging, indicating a considerable
potential of CAP in oncology, clinical studies are still very sparse. A review containing an overview of
current literature on clinical studies assessing the use of CAP in oncology has been published recently [33].
This paragraph provides also provides a short overview of those few clinical studies. In a study that
did not directly aim at using CAP for cancer treatment, CAP was used as part of multimodal therapy of
mesothelioma with the goal of avoiding accidental translocation of malignant cells to the abdomen [20].
Within a median observation time of about one year, no relapse of the disease has been observed, and no
vital tumor cells were detected in tissue specimens. A pilot study assessing the use of CAP to reduce the
bacterial load on locally advanced head and neck cancers to reduce typical fetid odor accidentally also
revealed partial tumor remission in some of the patients [21]. Subsequent studies by the group revealed
comparable results and showed an increasing number of apoptotic cells in CAP treated tumor tissues
compared to non-treated tissues [22,24]. Total and partial remissions of actinic keratosis (precursor lesions
of squamous cell carcinomas) after CAP treatment have been reported by two independent groups using
different plasma devices [23,25]. Details on patient numbers and treatment modalities of the here described
studies are summarized in Tables 1 and 2, respectively.
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Table 2. Frequently reported treatment parameters in clinical pilot studies and case reports of CAP application for treatment of chronic and acute wounds, as well as

(pre-) cancerous tissues.

Reference Device Type Feed Gas Treatment Time Repetition Distance slm
[6] MicroPlaSter « Torch Argon 5 min daily (on average 7.86 treatments) 20 mm 2.2
[20] CPC 1500 System (jet) Jet Helium 15-46 min once
. . daily (on average 11.75
[7] MicroPlaSter o/ Torch Argon 2 min treatments) 2.2
[13] kINPen MED Jet Argon 10s,30s,0r3x10 s once 10 mm
[10] MicroPlaSter o/f3 Torch Argon 3-7 min daily (on average 7.90 treatments) 20 mm 2.2
[16] MicroPlaSter 3 Torch Argon 2 min daily except for weekend 20 mm 2.2
[15] kINPen MED Jet Argon 1 min (8 mm/s) once 10 mm 5.0
[8] kINPen 09 Jet Argon 1 min/cm once 7-8 mm 5.0
[11] PlasmaDerm DBD n/a (air) 45 s/cm? 3 x week for 8 weeks n/a
[9] kINPen MED Jet Argon 1 min/cm 3 x week for 2 weeks 7-8 mm 5.0
[21] kINPen MED Jet Argon 1 min/cm? 3 x week for 1 week 8 mm between 3-6
[12] BIOPlasma jet Jet Argon 1 min/cm? 1 X week for 8 weeks 1-3 mm
Group I: 1 min spot .
[22] KINPen MED Jet Argon exposure Group II: Group [: 3 x week for 1 weeks 8 mm
. Group II: once
3 min spot exposure
Custom-made device with
[23] hand-held electrode FE-DBD n/a (air) 1-2 min once 2.7 mm n/a
(FPG10-01NM10)
3 x week for 1 week followed by
[24] kINPen MED Jet Argon 1 min/cm? an intermittence of 1 week 8 mm 5.0
without CAP
[25] Adtec Steri-Plas Jet 2 min 2 x week (7 treatments)
[18] KINPen MED Jet Argon 30 s/cm? 5 daily, then 3 x every
second day
[19] plasma jet Jet Helium 5 min 3 x week for 3 weeks 10 mm

slm = standard liter per minute.
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In comparison to CAP use for wound healing, the clinical studies for CAP in oncology are still
very sparse. Nonetheless, in vitro and in vivo studies, as well as the first clinical trials, are encouraging
and warrant further efforts to prove the safety and efficacy of CAP as an innovative cancer therapy.

Since there are many different devices and parameters that may influence treatment efficacy
for wound healing, as well as for cancer therapy, a direct comparison of these studies is difficult.
Nonetheless, comparing the different parameters may help to decipher which settings may be most
promising. An overview of the most frequently reported parameters is provided in Table 2.

4. Properties of CAP Stimulate Tissue Regeneration but May also Induce Cell Death

At first glance, it seems contradictory to use CAP on the one hand for wound healing to stimulate
tissue regeneration, and on the other hand, for cancer therapy to inhibit cell proliferation and induce
cell death. How can one application exhibit such opposite properties? As Paracelsus already stated in
his Third Defense in 1538, “Sola dosis facit venenum”—only the dose makes the poison. This also holds
true for CAP—Ilow doses can be beneficial, while high doses can be destructive. Hence, when using
CAP for wound treatment, “overdosing” should be avoided to prevent adverse effects. Likewise,
“under-dosing” may not have the desired lethal effect on cancer cells when applying CAP for cancer
therapy. Due to the vast range of different plasma devices and operating parameters being used
in plasma medicine, the term “dose” is not well defined and somewhat controversial. Therefore,
identifying the optimal treatment modalities for the different applications of CAP is one of the main
challenges that need to be solved in future clinical trials.

To find the optimal treatment modalities for each application and clinical setting, it helps to
understand the molecular mechanisms of action of CAP. Although progress has been made for
understanding the underlying mechanisms of CAP in wound healing and cancer treatment, much still
needs to be explored. In this section, the current understanding of the molecular mechanisms will be
discussed briefly. As this is a very complex field and many aspects need to be considered, this overview
is not intended to be comprehensive and may not be exhaustive and complete. Instead, it is meant to
provide a basic understanding of how CAP may have stimulating or inhibiting properties (Figure 1).

The biological efficacy of CAP is mostly attributed to chemical components (e.g., reactive oxygen
and nitrogen species (RONS)), physical components (e.g., electromagnetic fields and UV radiation)
probably play a minor role. The effect of UV radiation most likely is negligible because UV exposure
during CAP application for wound healing is far below natural UV exposure by the sun and below the
general limits that have been determined for health and safety measures at work [7,34-36]. However,
a limited degree of UV exposure may have synergistic effects in combination with other components
of CAP.

Independent of CAP-derived electric fields, studies in bio-electrics have shown positive effects of
pulsed electric fields on wound healing [37,38]. A meta-analyses assessing the effect of electrostimulation
on wound healing concluded from 15 studiesa significantly accelerated wound reduction and increased
number of healed wounds compared to respective controls [39]. The application of electromagnetic
fields may influence several aspects of tissue biology and hence affect tissue regeneration. It can
modulate the movement of immune cells, such as macrophages and granulocytes, as well as the
migration of skin cells, such as keratinocytes. Furthermore, electrostimulation is of relevance to the
proliferation of fibroblasts and the stimulation of angiogenesis. Anti-bacterial effects have also been
reported [40-43]. Moreover, the combination of pulsed electric fields and CAP for palliative therapy in
cancer patients has been discussed recently [44]. Considering this, it is conceivable that electromagnetic
fields as part of CAP applications may contribute to accelerated wound healing.
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Figure 1. Cold atmospheric pressure plasma (CAP) in wound and cancer treatment. Wound healing,
disinfection, and tissue regeneration are triggered by short or moderate CAP treatment (left panel).
It is hypothesized that ultraviolet (UV) radiation, electromagnetic fields, and/or reactive oxygen and
nitrogen species acting either alone or in concert contribute to the effects observed. Prolonged treatment
for cancer therapy enhances oxidative stress from eustress to distress and hence will induce cancer cell
death (right panel). EMT = epithelial-mesenchymal transition.

However, according to the current understanding, RONS are considered the most important
components of CAP to mediate its biological effects. Therefore, the field of plasma medicine is
also considered a field of applied redox biology [45]. RONS, such as hydroxyl radicals (OHae),
hydrogen peroxides (H,O,), hyper oxides (O, e), nitric oxides (NOe), nitrogen dioxides (NO,e),
and peroxynitrites (ONOO™), generated by CAP are identical with reactive species generally produced
during regular metabolism. They are known to mediate critical physiological and pathological
processes, such as immune response, cell adhesion, and migration, apoptosis, skeletal muscle function,
and wound healing [46]. Many of the ROS-mediated responses protect cells against oxidative stress
and reestablish redox homeostasis [47]. RONS and the antioxidant system are regarded as secondary
messengers to control various signaling pathways [48].

Wound healing often is described as a series of three overlapping consecutive phases [49].
The initial inflammation phase is characterized by increased exudation of blood plasma, and recruitment
of macrophages and granulocytes, which degrade necrotic tissue and establish an antimicrobial
environment. In the subsequent proliferation phase, granulation tissue is built, and new vascular
structures are assembled (neovascularization). The final remodeling phase is characterized by the
maturation of collagen fibers, immigration of epithelial cells from the edge of the wound, and finally,
wound closure [50]. RONS are known to be essential for the initial stage of hemostasis by mediating
tissue factor (TF-mRNA), platelet recruitment, and platelet activation [51]. It has been pointed out that
RONS have a widespread and pervasive effect on promoting, but also resolving inflammation [52].
In doing so, not only the presence or absence of RONS, but also the concentration seems to play an
essential role. While lower concentrations of nitric oxide, for example, tend to favor growth and
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inhibit apoptosis, higher concentrations promote cell-cycle arrest, senescence, or apoptosis [53]. Indeed,
nitric oxide, which is involved in wound healing and is released primarily in the inflammatory phase,
is one of the essential RONS [51,54,55]. Besides inflammation, its functional activity has been linked to
angiogenesis, cell proliferation, matrix deposition, and remodeling [56]. During the inflammation phase
of wound healing, nitric oxide is generated by neutrophils and macrophages through an enzymatic
reaction catalyzed by the inducible nitric oxide synthase (NOS2) [48]. Hydrogen peroxide is also known
as an active secondary messenger for a platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), and tissue growth factor (TGF) [51,57].

These examples show that temporarily elevated levels of RONS can be tolerated and have
crucial physiological signaling roles. However, chronic oxidative stress, due to increased levels of
RONS over more extended periods of time, may have pathological consequences, including chronic
inflammation or the development of cancer. For the therapeutic use of CAP in wound healing,
the role of RONS in resolving inflammation is especially intriguing [48]. Several studies have analyzed
molecular changes induced by CAP treatment [58]. Transcriptome analyses of RNA from human cells
treated in vitro with CAD, for example, revealed that genes associated with cellular stress response
had been elevated after CAP treatment, and increased levels of anti-oxidative enzymes have been
observed [59]. A further study also observed a CAP stimulated expression of key genes (IL-6, IL-§,
MCP-1, TGF-81, TGF-£2) involved in wound healing cascades, as well as elevated production of
collagen type I and alpha-SMA [60]. The same group found CAP induced expression of IL-8, TGF-£1,
and TGF-32, as well as upregulation of antimicrobial peptides of the §3-defensin family [61]. At the
same time, the 2 min CAP applied in this study induced gene expression of key regulators important
for inflammation and wound healing, while not causing proliferation, migration, or cell death in
keratinocytes. Using in vitro models that mimic various steps of angiogenesis, it has been demonstrated
that CAP triggered the generation of nitric oxide [62]. Furthermore, CAP enhanced cell migration
and the assembly of endothelial cells into vessel-like structures—hallmarks of the proliferation phase
of wound healing [62]. In the same study, CAP treatment of a mouse model with third-degree
burn wounds was associated with enhanced angiogenesis, accelerated wound healing, and increased
cellular proliferation. The enzyme that catalyzes nitric oxide synthesis, endothelial NO synthase
(eNOS), as well as expression of pro-angiogenic markers, PDGFR and CD31, were significantly
increased in mouse wounds after CAP. In vitro CAP stimulated pro-angiogenic VEGFA/VEGFR2
signaling [62]. Hence, this study demonstrates the ability of CAP to modulate endothelial nitric
oxide synthase signaling and enhances neovascularization in burn wounds. The ability of CAP to
induce wound angiogenesis by activating angiogenesis-related molecules has also been shown in
keratinocytes, fibroblasts, and endothelial cells [63]. In keratinocytes, significantly increased expression
of Artemin, EGF, EG-VEGEF, Endothelin-1, FGF-2, IL-8 (CXCLS8), and urokinase-type plasminogen
activator (uPA) was observed. In fibroblasts, Angiogenin, Endostatin (Col18A1), MCP-1 (CCL2),
MMP-9, TIMP-1, uPA, and VEGF had been increased after CAP treatment, and in endothelial cells, the
expression of Angiopoietin-2, Angiostatin, Amphiregulin, Endostatin, FGF-2, FGFR1, and VEGFR1
had been activated. By transferring the conditioned medium from CAP-treated fibroblasts and
keratinocytes to endothelial cells, the authors demonstrated that CAP modulates pro-angiogenic factors
via autocrine and paracrine mechanisms. CAP induced wound angiogenesis was confirmed in vivo by
an immunohistochemistry assay assessing the platelet and endothelial cell adhesion molecule CD31 in
CAP-treated and placebo-treated tissues. Increased mRNA levels of CD31 and FGF-2 have also been
observed in the CAP treated tissue [63]. Positive effects of CAP on angiogenesis by the release of FGF-2
or by the generation of nitric oxide have also been observed by others [64,65]. The effects of CAP on
paracrine cross-talk between dermal keratinocytes and fibroblasts have also been investigated in a
recent study using an in vitro co-culture model. This study identified YAP and its targets CTGF and
Cyr61 as drivers for paracrine signaling and CAP mediated wound healing [66]. The authors conclude
that the secretion of CTGF and Cyr61 from fibroblasts influences the activation of keratinocytes
through paracrine signaling and hence improves cell migration upon wound onset. Intriguingly,
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plasma treatment promotes the antioxidant phase II response elements in keratinocytes, which varies
to a certain degree upon changes in the feed gas composition and subsequent RONS chemistry [67,68].
Interestingly, the frequent exposure of the same human keratinocyte culture in vitro to plasma pointed
to several adaptation processes in these cells, e.g., in antioxidant defense [69]. Enhanced migration of
fibroblasts and keratinocytes after CAP treatment has also been observed in vitro in scratch assays [70].
This was correlated with the downregulation of the gap junctional protein connexin 43, as well as the
downregulation of E-cadherin and several integrins. In the same study, the authors report significantly
accelerated wound re-epithelialization after CAP treatment of a murine model of dermal full-thickness
ear wounds [70]. A decrease of E-cadherin on the protein level after treatment of keratinocytes
with CAP conditioned medium was also observed in another recent study [71]. This decrease was
accompanied by an increase in N-cadherin, cyclin D1, Ki-67, Cdk2, and p-ERK levels, and together
this is evidence for CAP-induced epithelial-mesenchymal transition (EMT) and cell cycle progression
supporting proliferation and migration. Collectively, CAP improves wound healing by modulating
inflammation, proliferation, angiogenesis/revascularization, migration, and re-epithelialization using
pre-existing signaling pathway partially explored in redox biology studies already.

Processes, such as proliferation, angiogenesis, or migration, are important for wound healing, but
unwanted with respect to cancer. Therefore, CAP intensities have to be significantly increased for cancer
therapy compared to wound treatment to inhibit growth and induce cell death. Higher intensities
of CAP lead to higher concentrations of RONS, and supraphysiological levels of oxidative stress
disrupt redox signaling and/or cause damage to biomolecules, such as membrane lipids, proteins,
and DNA [72]. Such a supraphysiological level of oxidative stress is termed oxidative distress instead
of physiological low-level oxidative stress, termed oxidative eustress [73]. While oxidative eustress,
as described above, triggers signaling pathways enhancing cell proliferation and tissue regeneration,
oxidative distress triggers cell cycle arrest and cell death. The adaptive response to oxidative stress
is regulated by modulating the nuclear E2-related factor (Nrf2) pathway, which maintains redox
homeostasis and defends cells from damage [45]. In response to increased ROS levels, Nrf2 translocates
from the cytosol to the nucleus where it binds to antioxidant responsive elements on DNA and thus
promotes the upregulation of antioxidant genes [74]. These genes encode, for example, for glutathione
(GSH), glutathione reductase (GSR), glutathione S-transferase (GST), superoxide dismutase (SOD),
heme oxygenase 1 (HMOX-1), and NADPH quinine oxidoreductase 1 (NQOL1) [45]. Nrf2 signaling has
also been identified as a critical event in CAP-induced wound healing [75].

While temporarily increased oxidative stress is beneficial in wound healing, chronically increased
supraphysiological levels of RONS are also supporting carcinogenesis and tumor progression [76].
Although cancer cells adapt to the elevated levels of RONS, they also depend on increased activity of
the antioxidant system to keep redox homeostasis. It is hypothesized that the increased cellular levels
of RONS in cancer cells render them especially sensitive to further exposure to RONS in comparison to
their non-malignant counterparts [48,77], although contrary evidence exists as well [78]. Besides plasma
treatment time and intensity, the extent of the response to CAP also depends on genetic background,
cell type, tumor microenvironment, as well as the different classes of RONS generated [33,79]. Prolonged
CAP treatment mediates apoptosis or necrosis, but the induction of cellular senescence and autophagy
have also been reported. It is hypothesized that the parameters of treatment time and probably also
the type of plasma device govern the biological outcome [80,81]. While senescence, a well-known
irreversible growth arrest in response to oxidative stress and DNA damage [82], may be induced by
relatively short treatments (regarding the treatment setting used in this study) with CAP, apoptosis,
and necrosis are induced by prolonged treatment times. The dose-dependent induction of senescence
depends on the cytosolic influx of calcium [83,84]. Cell death induced by RONS involves several
apoptosis-related signaling pathways, such as MAPK and ERK pathways [85]. RONS play an important
role in initiating CAP induced apoptosis by directly oxidizing cellular proteins, lipids, or nucleic
acids and causing general damage and dysfunction. Death receptors, such as tumor necrosis factor
(TNF) receptor-1, enhance the generation of RONS via the mitochondria, leading to the activation
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of caspases and cell death. However, TNF-induced oxidative stress also activates anti-apoptotic
signaling by increasing the expression levels of MnSOD and catalase by nuclear factor-«B (NF-«B) [86].
NEF-«B, in turn, activates the transcription of various genes, such as the uPA and different matrix
metalloproteinases [87-89]. These proteases increase motility of different cell types, such as endothelial
cells [90,91] and mesenchymal stem/stromal cells [92,93], which is necessary for the reorganization
processes in both wound healing and tumor development [94,95].

Taken together, these examples demonstrate that CAP generated RONS may trigger a variety
of mechanisms leading to growth arrest or cell death via apoptosis or necrosis. Besides typically
elevated levels of RONS in cancer, there are further common differences between cancer cells and
their non-malignant counterparts that render these cells more vulnerable to extrinsic oxidative stress
than normal cells. While minimal amounts of RONS may diffuse through the cell membrane, it has
been suggested that the transition of reactive species into the cytosol is facilitated by aquaporins,
which are often increased in membranes of cancer cells [96]. Diffusion of RONS into the cell may also
be facilitated by lipid peroxidation caused by reactive species, which then leads to pore formation in
the membrane. This effect may be enhanced in cancer cells, due to lower levels of cholesterol in cancer
cells [97]. Cholesterol is a lipid important for providing membrane stability and fluidity. These distinct
properties of many cancer cells render them especially sensitive and may promote the selective killing
of cancer cells through CAP treatment. Lipid peroxidation was, however, only a minor contributor in a
recent study that investigated plasma-induced cell death mechanisms [98].

The fact that CAP may enhance proliferation and angiogenesis in wound healing, sparks the
question if CAP used for cancer treatment may pose a risk for carcinogenesis and have tumor-promoting
effects. In studies assessing treatment modalities used for wound healing, no apparent side effects,
including mutagenicity, tumor formation, or chronic inflammation even one year after CAP treatment,
have been observed in mice and humans [14,99,100]. Nonetheless, it is a concern that with increased
treatment times or intensities for cancer treatment also cancer-promoting effects may be achieved.
Therefore, the concern of carcinogenesis or tumor-promoting side effects needs to be addressed in
future studies and is already being addressed by existing consortia assessing CAP as a potential cancer
therapy in vitro and in vivo.

In summary, research elucidating the molecular mechanisms for the efficacy of CAP in wound
healing, and cancer treatment revealed that RONS plays a major role in both applications. Treatment
duration and intensities determine the concentration of RONS and hence its effect on treated cells
regarding stimulation or inhibition of growth.

5. Conclusions

Cold atmospheric pressure plasma (CAP) is a promising innovation for a variety of different
applications in medicine. The application of CAP for disinfection, wound healing, and cancer treatment
are probably the most investigated areas of application. While clinical evidence is available for wound
healing, preclinical studies dominate the novel field of plasma oncology. Efforts to elucidate the mode
of action of CAP suggest that different components, such as UV radiation, electromagnetic fields,
and reactive species may act synergistically, with the reactive species being regarded as the main effectors
acting by targeting redox signaling pathways. While CAP induced oxidative eustress triggers pathways
that promote proliferation, angiogenesis, migration, and re-epithelialization and hence, improves
wound healing, oxidative distress triggers pathways inducing senescence, apoptosis, or necrosis, as well
as an immune response and therefore may be beneficial for cancer treatment. Although much progress
has been made in identifying the underlying molecular mechanisms, more research is necessary to fully
understand the complex signaling processes involved in the biological responses to CAP treatment.
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