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Kind reader,
People usually do not read the preface. But in evidence some do so benevolently. 

As a sign of our gratitude we reveal only to you that you are holding a future collec-
tor’s item in your hands, the first comprehensive textbook of a new specialized 
medical branch: clinical plasma medicine.

How it is actually created and what makes a new specialty in medicine? There is 
a substantial, significant, and proven evolution in medical technology and treatment 
concept, a meaningful contribution for the benefit of patients that is calling for natu-
ral scientists, engineers, and medical doctors to link their competences and build an 
innovative scientific community. There are health problems frequently encountered 
in daily medical practice that can be solved with the new concept and technology. 
There is an innovative area of scientific and medical expertise not covered by just 
one established discipline in medicine. There is a structure and concerted workflow 
that keeps the new specialty standing freely and growing, grounded on national and 
international organizational bodies, on coordinated research, consented develop-
ment of treatment guidelines, standard educational courses and specialist training, 
on scientific journals and academic background, and not at least on books like these. 
Roaming the chapters of this textbook you will recognize that clinical plasma medi-
cine truly meets the aforementioned criteria of a new medical discipline.

A book does not develop on its own. The existence of this book became possible 
under the auspices of the State Premier and Government of the north-eastern federal 
state of Germany, of Mecklenburg-Western Pomerania. Erwin Sellering as prede-
cessor of Premier Manuela Schwesig set the goal, “by offering a common forum for 
global players of plasma medicine … [that] contributes to an even more effective 
cooperation and achievement of innovative objectives for the benefit of … patients 
all over the world.” We very much appreciate the high honor and the privilege to see 
the international development of plasma medicine so much supported.

We are very grateful for the idea and initiation of the project by Sabine Springer, 
Lothar Kuntz, and Dr. Inga von Behrens from the publishing house. We extend our 
sincere thanks for excellent supporting, mentoring, and coaching to Kripa 
Guruprasad, Kerstin Boettger, Christina Rohde, and Christin Siedler. Our warm 
thanks go to Dr. Philine Metelmann for proofreading of the manuscripts before 
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submission. As a matter of course our profound gratitude to all authors for their 
substantial contributions and professional cooperation!

And we are especially grateful for your personal getting involved with these 
reflections before starting to wander through the chapters. That looks like a keen 
and rewarding interest in clinical plasma medicine. We wish you success!

Hans-Robert Metelmann

Thomas von Woedtke

Klaus-Dieter Weltmann
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1Introduction to Plasma Medicine

Thomas von Woedtke, Anke Schmidt, Sander Bekeschus, 
and Kristian Wende

1.1  Preface

Plasma medicine is the name of a new field of medical research at the interface 
between plasma physics and life sciences that has been in development all over the 
world for more than 10 years. In this field, the term “plasma” does not mean the 
liquid part of the blood or the material within a living cell. Physical plasma is a 
special excited gas, sometimes named “the fourth state of matter.”

Supply of energy to a gas by e.g., strong electric fields results in a partial or com-
plete ionization of gas atoms or molecules respectively. Because of the resulting 
motile electrons and ions, plasmas are conductive. The energy supply and the result-
ing ionized atoms, molecules, or active states (gas metastables) lead to increased 
chemical reactivity of a plasma. Plasmas emit electromagnetic radiation, above all 
ultraviolet (UV) and visible light, and contain responsive ions, electrons and neutral 
reactive species like radicals.

The resulting characteristics of a plasma depend on a multitude of parameters, 
including type and composition of the gas or gas mixture used for plasma genera-
tion, applied energy or electrode configuration, pressure, and environment. This 
leads to very complex plasma characteristics. With regard to its application 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_1&domain=pdf
mailto:woedtke@inp-greifswald.de
mailto:anke.schmidt@inp-greifswald.de
mailto:sander.bekeschus@inp-greifswald.de
mailto:kristian.wende@inp-greifswald.de
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especially in the medical context, useful classifications are thermal vs. non-thermal 
plasmas and low pressure vs. atmospheric pressure plasmas.

When it comes to classifying biomedical applications of physical plasma, there 
are three main and partially overlapping fields (Fig. 1.1).

Plasma-based surface modification is frequently used in industry. For five 
decades, plasma has also been used to create and optimize bio-relevant surfaces to 
improve biocompatibility and biofunctionality of medical devices like implants. 
Laboratory materials and devices for e.g., cell cultivation and liquid analysis are 
often functionalized by using plasma treatment [1].

Another field of intensive research that started in the middle of the last century is 
the use of physical plasma to inactivate microorganisms. Established sterilization and 
disinfection procedures that are based on the application of high temperature, ionizing 
radiation, or highly reactive and usually toxic chemicals are not suitable for sensitive 
products and operational areas frequently used in medicine and hygiene. Here, plasma 
offers a promising alternative, particularly because it is well known that plasma is able 
not only to inactivate microorganisms or viruses, but also because it can be used to 
remove organic material completely. This opens completely new perspectives for 
plasma application in hygiene and infection control. Infection- transmitting proteins 
like prions that cannot be controlled using conventional sterilization or disinfection 
procedures are a potential target. Plasma is effective against multi-resistant pathogens, 
too [2–4]. Resistance of microorganisms to plasma has not yet been observed.

Biomedical Applications

Therapeutic
Applications

Surface
Modification

Plasma Sources

Biological
Decontamination

Fig. 1.1 Fields of biomedical applications of physical plasma

The topic and aim of plasma medicine is the use of physical plasmas for medical 
applications.

T. von Woedtke et al.
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Surface modification and biological decontamination can be categorized as indi-
rect plasma applications because plasma is used to treat materials, surfaces, and 
devices that are subsequently applied for medical purposes. In both fields, low-
pressure plasmas can be used i.e., plasmas that are ignited under well-defined condi-
tions in closed chambers at near-vacuum pressure.

1.2  Plasma Medicine: A New Field of Research 
and Application in Medicine

The direct application of physical plasma on or in the human body is not really 
new. Historical examples are procedures like the application of so-called violet ray 
machines in the 1920s [5, 6], or the electro-therapeutic Zeileis method. These are 
obscure medical plasma applications that have no scientific basis and have always 
been judged with great skepticism [7].

Different techniques in the field of electro surgery based on thermal plasma use 
are firmly established in medicine, although they are not explicitly referred to as 
plasma medicine. Such techniques, like argon plasma coagulation (APC), rely on 
precisely targeted thermal necrotization of tissue to achieve hemostasis (cauteriza-
tion), or to cut or remove tissue [8]. Furthermore, several plasma-based procedures 
in cosmetic and aesthetic surgery e.g., for wrinkle removal and skin regeneration, 
also rely on thermal plasma effects [9, 10].

The availability of technologies for stable and reproducible plasma generation at 
low temperature under atmospheric conditions—so-called cold atmospheric plas-
mas (CAP)—has improved considerably since the 1990s, and has led to consider-
able intensification of research in the field of therapeutic applications of physical 
plasma at tissue-compatible temperatures.

The beginning of modern plasma medicine is associated with the experimental 
work of Eva Stoffels’ group at University of Technology Eindhoven, Netherlands. 
Since the early 2000s, they have demonstrated that the in vitro treatment of culti-
vated cells with cold atmospheric plasma result in a reversible separation of cells 
out of a united cell structure, and away from the cultivation vessel base, without 
killing the cells. This was the first evidence of a selective, non-lethal manipulation 
of living cells by physical plasma [11, 12].

Cold atmospheric plasmas (CAP) are the most widespread plasmas in use or 
intended to be used for therapeutic applications in medicine.

The field of medical plasma application, plasma medicine, aims to achieve 
direct application of physical plasma on or in the human (or animal) body for 
therapeutic purposes.

1 Introduction to Plasma Medicine
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1.3  Scientific Basics of Plasma Medicine

Research in plasma medicine needs a consistent transdisciplinary approach. Physics 
describes the composition and activity of plasma and how it is influenced by techni-
cal parameters. Life sciences carry out basic research on plasma effects on cells, 
tissue, and organisms. Medicine explores biological plasma effects in a clinical 
context with a view to therapeutic applications. Interdependency of all three disci-
plines is the basis of the potential of plasma medicine and its application-oriented 
research approach from bench to bedside. In this context, the early investigation of 
possible unwanted side effects and risks of plasma application has been an impor-
tant focus of research from the very beginning (Fig. 1.2) [13, 14].

Plasma sources Biological effects

in vitro

in vivo

Therapeutic Applications

development physiological liquids

cells:

cell and tissue cultures:

organisms:
animal experiments
clinical tests/trials

isolated tissues/organs

not contaminated/infected
contaminated/infected

-

-
-

-
-

-
microorganims
mammalian cells

adaptation

diagnostics

optimization, control,
monitoring

experimental applications

Fig. 1.2 Research in plasma medicine: combined and coordinated research tasks in plasma physics 
and life sciences

The main aim of research in plasma medicine is to refine the use of thermal 
plasmas associated with destructive effects to achieve selective non-thermal 
plasma effects for the manipulation of specific cell functions.

Research in plasma medicine comprises both basic research on the mecha-
nisms of biological plasma effects and application-oriented as well as clinical 
research to identify promising fields of implementation in medical practice.

T. von Woedtke et al.
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1.3.1  Basic Mechanisms of Biological Plasma Effects

There is a large number of plasma sources potentially useful for medical applica-
tion. These differ according to plasma generation technique, geometry, or working 
gases and, consequently, they vary in their application characteristics [6, 15–17].

Identification and quantification of active compounds of particular plasmas is 
key to meeting one of the most important current challenges of experimental plasma 
medicine, which is the detailed elucidation of mechanisms of biological effects 
caused by plasma in living systems, and the specific control of biological responses 
through plasma modification.

The initial point of all biological effects is the physical generation of plasma 
under atmospheric environmental conditions. To produce the different plasma 
compounds illustrated in Fig. 1.3, three basic processes can be outlined:

 1. Ionization of atoms or molecules of a gas that itself is not directly biologically 
active (noble gases like argon or helium, gas mixtures containing oxygen, 
nitrogen and air, and air as working gas), preferably using electrical energy.

 2. Interaction of ionized atoms/molecules and free electrons with other atoms 
or molecules in the plasma phase as well as with neighboring media (above 
all atmospheric air, but also liquids or surfaces), resulting in the generation 
of reactive species e.g., radicals.

 3. Emission of electromagnetic radiation (UV/VUV, visible light, infrared/
thermal radiation, electromagnetic fields) as an additional result of ioniza-
tion and excitation processes in the plasma.

radical and chemical products

(V)UV radiationelectrons + ions

plasma

visible lightthermal radiation

electromagnetic fields

secretome

proteome

transcriptome

genome

Fig. 1.3 Cold atmospheric plasmas (CAP) are effective in liquid phases and redox-active species

Initially, the investigation of biological plasma effects was focused on microor-
ganisms with the aim of characterizing and exploiting antimicrobial plasma activity. 
For a decade, basic research on specific effects on mammalian cells has broadened, 
as is documented by the growing number of publications in this field.

1 Introduction to Plasma Medicine
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The following cellular effects in particular, which are seen in vitro and induced 
by cold atmospheric plasma, are described in the literature [18, 19]:

Lethal effects of cold atmospheric plasma (CAP):
  –  Inactivation/killing of microorganisms (prokaryotic cells) including antibiotic-resistant 

pathogens
  –  Inactivation or killing of mammalian cells (eukaryotic cells) including cancer cells 

mainly via induction of apoptosis depending on intensity (time) of plasma impact
Non-lethal effects of cold atmospheric plasma (CAP):
  – Influence on/stimulation of metabolism of microorganisms (prokaryotic cells)
  – Specific/selective effects on mammalian cells (eukaryotic cells):
    • Influence on cell migration
    •  Influence on expression of surface proteins responsible for cell-cell and cell-matrix 

interactions
    • Influence on/stimulation of cell proliferation
    • Influence on/stimulation of angiogenesis
    • Reversible impact on DNA integrity, influence on cell cycle
    • Reversible permeabilization of cell membranes (“plasma poration”)
    • Non-thermal blood coagulation

The nature and extent of these in vitro observations is dependent on various 
parameters e.g., cell type investigated; cellular environment (sort and composition 
of the surrounding liquid e.g., the cultivation medium); plasma source used and 
related plasma parameters; treatment time; and general experimental setup. Similar 
to microorganisms, mammalian cells show different sensitivities to physical plasma.

However, the fact that different plasma sources cause similar biological out-
comes resulted in the basic assumption that biological plasma effects can be attrib-
uted to consistent basic mechanisms.

Consequently, CAP influences cellular redox signaling through transiently or 
constantly increased concentrations of redox-active species (ROS, RNS/RONS; see 
Table 1.1) in the liquid cell environment [21, 22]. According to recent findings, this 
influence results from complex interactions between active (reactive) plasma 
compounds.

The current state of knowledge can be summarized in the following two 
fundamental insights about the mechanisms of the biological effects of cold 
atmospheric plasmas in vitro (see Fig. 1.3):

• Significant biological plasma effects are caused by plasma-induced 
changes to the liquid environment of cells.

• Reactive oxygen and nitrogen species (ROS, RNS/RONS) generated in or 
transferred into liquid phases play a dominant role in biological plasma 
effects.

T. von Woedtke et al.
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It is of special significance that the modification of the cellular environment 
resulting from plasma is in most cases assumed to be caused by the same ROS and 
RNS/RONS as appear in regular cell metabolism in the body. These control and 
communicate physiological and pathological processes.

The impact of plasma on cellular functions is cell-type specific. In an exploratory 
study using cell culture models, Jurkat cells (T lymphocytes) were most sensitive to 
cold atmospheric plasma whereas other cells (human cell lines like MRC5 fibro-
blasts, HaCaT keratinocytes, THP1 monocytes) were remarkably robust [23]. 
Effects in skin cells are based on redox changes are caused mainly by oxygen-based 
radicals and hydrogen peroxide [24–28].

To maintain the cellular redox balance, numerous antioxidants, redox sensors, 
redox enzymes, and repair mechanisms are involved. This has been proven experi-
mentally using proteomics and transcriptomics. A low intensity of plasma impact 
stimulates cellular redox signaling, which results in increased anti-oxidative capac-
ity as well as initiation of the repair processes if needed. This kinetics of biological 
effects is called hormesis, and is actually discussed in the field of redox biology as 

Table 1.1 Important reactive oxygen and nitrogen species in biology; following [20]

Reactive oxygen species (ROS) Reactive nitrogen species (RNS/RONS)

Superoxide: O2
−• Nitric oxide: •NO

Hydrogen peroxide: H2O2 Nitrogen dioxide: •NO2

Hydroxyl radical: •OH Peroxynitrite: ONOO−

Singlet oxygen: 1O2

Ozone: O3

Organic radicals: RO•, RO2•

Important practical consequences result for the medical application of cold 
atmospheric plasmas (CAP) based on these insights from redox biology:

• Redox active species identified as active compounds of CAP play an 
important role in physiological wound-healing processes. This is the scien-
tific basis of the concept of plasma-supported wound healing. Hence, 
plasma action supports the body’s own functions that are pathologically 
impaired e.g., in the case of non-healing chronic wounds.

• Because of the physiological occurrence of these plasma-generated redox- 
active species, excess concentrations of these substances can be effectively 
antagonized by the body’s own antioxidant defense systems. Consequently, 
under regular conditions, any input of these reactive oxygen and nitrogen 
species by local and time-limited plasma treatment will not cause increased 
risk of unwanted side effects.

• Different sensitivity of different cell types suggests the possibility of selec-
tive plasma effects.

1 Introduction to Plasma Medicine
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a general action principle of redox-active species [22, 29]. Generally, hormetic 
effects are characterized by low-dose stimulation and high-dose inhibition [30].

When exceeding the capacity of the cellular redox balance, an accumulation of 
harmful cellular effects will result in the initiation of programmed cell death (apop-
tosis) if the counter regulation processes of the cells are overburdened.

The transcription factor Nrf2 has a central regulatory function in the mainte-
nance of the cellular redox balance [31, 32]. Via activation of the antioxidant 
response element (ARE) on DNA, Nrf2 is responsible for the upregulation of genes 
for transcription of protective proteins. Typically, cytosolic Nrf2 is bound to a com-
plex containing the protein Keap1 among others. Through oxidation of Keap1 via 
reactive oxygen species (ROS), Nrf2 becomes detached from the protein complex 
and can diffuse into the nucleus of the cell to bind together with an additional regu-
latory protein (Maf) at ARE on DNA. In an experimental study, it could be demon-
strated using human keratinocytes that this translocation of Nrf2 from cytosol to the 
nucleus occurs as a consequence of plasma treatment [28]. The result of such activa-
tion of the Nrf2 signal pathway is the protection of the affected cell from the damag-
ing effects of redox active species.

Generally, the amount and activity of antioxidant systems as well as a cell’s abil-
ity to repair modifications of DNA and proteins determines the response to plasma 
impact. Furthermore, plasma sensitivity depends on cell division rate: cells with 
high duplication rates are more sensitive compared to cells with slow reproduction 
metrics.

Translating these insights from redox biology to biological effects induced by 
cold atmospheric plasma means:

Such interdependency has been demonstrated repeatedly by experimental studies. 
With an in vitro wound healing model using upper airway S9 epithelial cells, a 
plasma treatment time-dependent stimulation of cell proliferation and acceleration of 
wound closure was demonstrated up to an optimum level. A further prolongation of 
plasma treatment resulted in reduction up to complete stop of wound closure [33]. 
After ex vivo plasma treatment of human skin biopsies, a growing number of prolif-
erating cells was detected. However, a further prolongation of plasma treatment time 
resulted in a decreasing number of proliferating cells, but an increasing number of 
apoptotic cells [34]. These results were corroborated in a murine wound model where 
accelerated wound healing was observed after short treatment times [35].

This state of basic research is the source for further detailed investigation of 
intracellular reaction cascades and mechanisms. Above all, the use of modern meth-
ods of bio analytics like genomics, proteomics and transcriptomics will support the 

• Low treatment intensities (short treatment times) result in cell-stimulating 
effects.

• Higher treatment intensities (longer treatment times) result in inactivation/
killing of cells.
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progress of scientific knowledge. In extracellular analytics, detection of reactive 
species, particularly radicals in the plasma and gas phase as well as in the liquid cell 
environment, is a remaining challenge. Specific recording is hard to achieve because 
of high reactivity and the resultant ephemerality of the reactive species.

1.3.2  Risk Estimation

Because of the novelty of the technology and the strong focus on medical applica-
tions, questions of risk estimation have always played a central role in plasma medi-
cine research [13]. As multi-component systems, plasmas potentially pose chemical 
and physical threats of different levels to the human organism. The risk potential is 
biased dominantly by the design of the plasma source and its operation strategy on 
the one hand, and the intended application field and operator on the other. 
Accordingly, a specific risk assessment protocol needs to be filed for any plasma 
source, and must be updated with any change of operation procedure e.g., altera-
tions to working gas composition, distance, driving power or the application itself. 
The stage of development also affects the risk potential.

Essentially, the components of the physical plasma need to be taken into account: 
radiation and heat emission, chemical species produced (including free electrons), 
and electromagnetic fields surrounding the discharge. Additionally, the ability of 
plasmas to conduct electric currents, which can imply electrical hazards, must be 
considered. These aspects all vary with the plasma source, the target treated, and 
ambient conditions.

The basic finding that biological plasma effects are mainly meditated by reactive 
oxygen and nitrogen species (ROS, RNS/RONS) that are at least partially the same 
as those in regular cell physiology, leads to the general assumption that cellular anti-
oxidative protection mechanisms [36] should be effective against plasma impact, too.

Investigation of the genotoxic effects of cold atmospheric plasma by in vitro 
standard procedures for mutagenicity testing of chemical substances demonstrated 
no extended mutation rate of plasma treated cells [37–39]. This was confirmed by 
an animal study using hairless immunocompetent mice [40].

These experimental results corroborated studies of skin biopsies after cold atmo-
spheric plasma treatment [34, 41] as well as clinical follow-up investigations after 
plasma applications in wound treatment [42, 43]. Even if the risk assessment of 
CAP application is a work in progress, all these findings confirm that there is no 
genotoxic risk caused by the medical application of cold atmospheric plasma.

1.3.3  Cell-Biology Basics of Plasma-Supplemented Wound Healing

A starting point for the search for possible medical applications for cold atmo-
spheric plasma was its well-known ability to inactivate microorganisms. This led 
very early on to the idea of using plasma for antiseptics e.g., in non-healing 
chronic wounds.
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The results of basic research gave rise to the early hypothesis that plasma- 
supported wound healing may be based not only on the reduction of bacterial colo-
nization or elimination of wound infection, but also by direct stimulation of 
regeneration of damaged tissue. Based on this hypothesis, the concept of plasma- 
supported wound healing was developed. This is based on a combination of clean-
ing and antisepsis on the wound surface, with a stimulation of tissue regeneration in 
deeper wound areas (Fig. 1.4) [44–46].

Impeded wound healing is a big challenge for both patients and clinics. Despite 
different etiologies, this kind of wound is frequently characterized by disturbed syn-
chronicity of the different processes of wound healing, wound infections, accumu-
lation of liquid, necrosis of the wound edge, excessive tissue neogenesis, and 
increased release of proteinases and cytokines [47]. Proteinases disturb the genera-
tion of the extracellular matrix and inhibit the migration of fibroblasts and keratino-
cytes that is essential for successful re-epithelialization in later phases of wound 
healing. Besides a resulting deceleration and inhibition of wound closure, an 
increased number of immune cells is detected [48].

Usually, immune cells are attracted from the blood and the surrounding tissue 
fluid to the wound, which prolongs the inflammatory phase of wound healing. 
Persistence of immune cells is also given in low-germ chronic wounds. It is not yet 
completely clear whether this is the cause or the result of disturbance to wound 
healing. There are several signs that a misguided cellular redox signaling will hold 
the balance of wound inflammation. The concept of redox balance describes homeo-
stasis of the oxidative and reductive processes in cells and tissues. Reactive oxygen 
and nitrogen species (ROS, RNS/RONS) or radicals, which are normally generated 
by the respiratory chain or in conjunction with inflammations, are eliminated by 
enzymatic and non-enzymatic defense mechanisms [49]. It was supposed for a long 
time that such reactive species alone cause cell-damaging effects. Nowadays, their 
necessity for cellular processes beyond pathophysiological effects is well known 
[50, 51].

Integrated concept of plasma-assisted wound healing

superficial cleaning and antisepsis

stimulation of tissue regeneration,
cell proliferation, angiogenesis
anti-inflammatory effects

Fig. 1.4 Basic concept of plasma-supported wound healing
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Under physiological conditions, low concentrations of reactive species are pres-
ent that are strictly controlled and are an important part of intracellular signal cas-
cades with central functions in cell-cell communication, cell adhesion, cell 
proliferation, and cell differentiation. Above all, the innate immune system is asso-
ciated with these molecules serving both as anti-pathogen compound and key con-
troller of the signaling network.

Using cold atmospheric plasma treatment, redox active species (ROS, RNS/
RONS) can be administered directly and locally into the tissue to modulate redox 
processes in a specific manner. It is known from the literature that redox processes 
are involved in the coordination of all cells in the wound environment [52, 53].

Immune mediators, which are cytokines as well as growth factors, orchestrate 
the phases of wound healing [54]. In cultivated cells, plasma application results in 
increased gene expression of factors relevant for wound healing like oxidoreduc-
tases and matrix metalloproteases, along with several cytokines and growth factors 
[28, 55–57]. Low plasma treatment intensities (treatment times) induce cell prolif-
eration that is stimulated by ROS-mediated excretion of the fibroblast growth factor 
FGF2 [24, 57–60].

In chronic wounds, a pro-inflammatory environment is dominated by increased 
concentrations of interleukins and cytokines [61]. Cold atmospheric plasma 
decreases the production of cytokines in activated human leucocytes. Simultaneously, 
an increased formation of anti-inflammatory mediators like IL-10 and TGFβ was 
found in T-lymphocytes, which are both associated with sufficient healing of 
wounds [62]. This is accompanied by an increased secretion of the highly inflam-
matory IL-8, which attracts mainly granulocytes.

Consequently, cold atmospheric plasma does not induce a simple pro- 
inflammatory or anti-inflammatory signature of cytokines, but modulates the qual-
ity of the inflammatory reaction. Such a graduation seems to be important because, 
by topical application of anti-inflammatory cytokines like TGFβ, less promising 
results than expected were achieved in chronic wound healing [63].

For wound healing processes, communication between cell populations via cell- cell 
contact is of great importance, because changes in migration, proliferation and inflam-
mation are mediated by such communication processes [64]. Plasma is able to influ-
ence the expression of a multitude of cell adhesion and migration molecules [65–67].

Even if only a few studies on plasma treatment of immune cells have been com-
pleted up to now, promising results have been achieved. Relatively short-duration 
plasma treatment induces apoptosis in isolated human peripheral blood lymphocytes. 
A similar effect has been found in cytotoxic and T-helper cells, in B-lymphocytes, 
and in natural killer (NKT) cells that were described as negative regulators of wound 
healing [24]. On the other hand, only few γδ-T-cells were apoptotic compared to 
other lymphocytes. These cells are attributed to supporting wound healing [68].

The concept of redox-control in wound healing is the most important scientific 
basis of plasma-supported wound healing.
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In wounds, CAP can stimulate skin cells by directed application of redox active 
species, whereas regulatory monocytes would be just slightly affected. Infected 
chronic inflammations require activation of the adaptive immune system to support 
medium-term combat pathogens by highly specific antibodies. Cold atmospheric 
plasma induced apoptosis in a fraction of T-helper cells, but did not block amitosis 
in the remaining vital cells, which is important for immune reaction [69]. 
Additionally, proliferation of plasma-treated but non-mitogen-stimulated cells was 
found i.e., there was no non-specific stimulation of immune response by cold atmo-
spheric plasma.

Even if there is further research needed on detailed mechanisms of plasma action 
in wound healing, previous experimental studies have proven the high potential of 
cold atmospheric plasma for therapeutic applications.

1.4  Perspectives and Challenges of Plasma Medicine

In a workshop in April 2012 in Greifswald, all German medical professionals at that 
time working in the field of pre-clinical and clinical research in plasma medicine 
prepared a consensus paper on the state and perspective of clinical plasma medicine. 
Based on the state of research it was stated that plasma application in dermatology 
as well as plastic and aesthetic surgery would have the best prospects for success 
[70]. In general, this assessment is as appropriate now as before, and is even con-
firmed by increasing clinical experience.

Therapeutic application of cold atmospheric plasma in wound healing has domi-
nated research in plasma medicine for several years. Meanwhile, another large field 
of fundamental research in plasma medicine has opened: the investigation of pos-
sibilities of plasma application in cancer treatment. This is based on the widely 
published finding that cold atmospheric plasma is able to induce apoptosis in cancer 
cells [71, 72]. Again, redox active species transferred into the liquid cell environ-
ment by plasma treatment play an important role in this process [73]. Using an in 
vivo tumor model, it was demonstrated that treatment with cold atmospheric plasma 
resulted in inactivation of upper cell layers of solid tumors via induction of apopto-
sis [74]. Furthermore, in animal studies with subcutaneously induced solid tumors, 
a transcutaneous cold plasma treatment resulted in the reduction of tumor growth as 
well as in prolongation of survival of treated mice compared to non-treated controls 
[75, 76]. These research results led to new and promising options for future plasma 
application in cancer therapy. Inactivation of single layers of cancer cells might 
open up the possibility of supportive plasma application in combination with surgi-
cal tumor resections in cases where a large-scale tumor removal is impossible [77]. 
Any direct plasma use for reduction or complete removal of solid tumors as demon-
strated in initial animal studies requires further research.

Another highly exciting field of research is the application of plasma-treated 
liquids. It was found that plasma-treatment of liquids may result in an at least 
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temporary biological activity of the liquids. This was demonstrated using the exam-
ple of antibacterial activity of plasma-treated water or physiological saline [78–80]. 
Meanwhile it was shown that plasma-treated cell culture medium could be used to 
induce apoptosis in cancer cells, opening up options to treat disseminated tumors in 
the abdominal cavity [81, 82]. This field of plasma-based generation, optimization 
and stabilization of liquids containing active agents called “plasma pharmacy”  
[83, 84] is still in the basic stages of research.

Application of plasma in dentistry has been part of research in plasma medicine 
for several years. Here, antimicrobial plasma activity including inactivation and 
removal of biofilm as well as plasma-assisted cleaning and optimization of tooth 
and implant surfaces to improve bone integration and ingrowth is at the center of 
medical interest [85]. Large-scale clinical applications in dentistry are not yet 
documented.

Up to now, there has been little research on cold atmospheric plasma application 
in ophthalmology. Nevertheless, it might be a promising field to exploit the antimi-
crobial plasma effects for infection treatment [86–88].

Endoscopic cold atmospheric plasma applications will open additional fields of 
plasma use in medicine. While this has already been achieved in electrosurgical 
applications like argon plasma coagulation [89], there are also promising concepts 
for endoscopic CAP devices under development [90–92]. Besides applications in 
gastroenterology, pneumology is a promising area.

Altogether, plasma medicine is well on the way to effective clinical use. 
Application of cold atmospheric plasma to improve wound healing is already a real-
ity. New questions arise from clinical application e.g., appropriate intensity and 
duration of single plasma treatment, or duration and frequency of plasma-treatment 
cycles. Here, fundamental research and application-related clinical research must 
work together to find adequate answers.

Based on the observation of the biological effects of plasma treatment in deeper 
layers of the skin as well as in solid tumors, it would be interesting to see if such 
distant or systemic effects really occur as a result of local and superficial plasma 
treatment, what the mechanisms of such effects are, and how to use them.

According to the current state of knowledge, the medically useful effects of cold 
atmospheric plasma result from complex interactions of different plasma com-
pounds with the liquid environment of cells and tissue. This represents the special 
quality and uniqueness of plasma medicine. On the other hand, one of the greatest 
challenges of plasma medicine results from this complexity. This is the identifica-
tion of a parameter or set of parameters to monitor and control plasma activity in 
terms of a “dose” as it is known from phototherapy or radiotherapy. At present, the 
only means of control is treatment time. Because the specific treatment time to gen-
erate a certain biological effect may differ substantially between different cold 
plasma devices, any comparability of research as well as treatment results is limited. 
Moreover, any device-independent declaration of treatment intensities (“treatment 
doses”) for clinical application has not yet been possible.
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1.5  Summary and Conclusions

Use of cold atmospheric plasmas to support wound healing is already a clinical real-
ity. This is a result of solid fundamental research and application-oriented research 
including technology transfer to industry. According to the latest findings, the thera-
peutic application of cold atmospheric plasmas is safe. Medical application in can-
cer therapy is the latest stage of clinical implementation.

Due to the amount of research in plasma medicine in recent years resulting in 
increased visibility in the media, physicians and patients have high expectations that 
plasma medicine will solve clinical problems that have so far been addressed unsat-
isfactorily or not at all. Even if the field is new, there has been a considerable eco-
nomic impact, and increased interest and awareness.

Therefore, researchers, clinicians and manufacturers active in the field of 
plasma medicine are being forced to live up to such expectations, while not rais-
ing false hopes with hasty promises. They must be careful not to use insuffi-
ciently tested plasma sources that may discredit plasma medicine in general [70].
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2.1  Plasma Characteristics

The term plasma describes the liquid, cell-free component of the blood in the medi-
cal linguistic usage since the late nineteenth century. In physics, however, plasma 
denotes an energetically excited gas state, which is sometimes referred to as the 4th 
state of matter. The expression “plasma” on the physical phenomenon of an electric 
gas discharge took place in 1928 by the US Nobel laureate Irving Langmuir [1]. An 
employee remembers the story that is connected with this name selection as fol-
lows: “… the discharge acted as a sort of substratum carrying particles of special 
kinds […] This reminded him of the way blood plasma carries around red and white 
corpuscles and germs. So he proposed to call our ‘uniform discharge’ a ‘plasma’. Of 
course we all agreed” [2].

By energy supply, a solid—in Fig. 2.1 exemplarily shown for ice—can be con-
verted into a liquid (water) and further into a gas (vapor). These transformations of 
the states of matter from solid to liquid to gaseous and the associated phase transi-
tions go hand in hand with an increase in the mobility of the constituents—the atoms 
and molecules. Finally, the free mobility of all particles is achieved in the gas state.

Plasmas are also referred to as a non-classical state of matter. If further energy is 
added to a gas by heat or strong electromagnetic fields, the neutral gas particles are 
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split into their electrically charged components (ionization). In this process, nega-
tively charged electrons are split off from the previously electrically neutral parti-
cles, producing free electrons and positively charged particles (ions). In addition, 
the free electrons can adhere to neutral particles and thus form negative ions. As a 
result, a partially or completely ionized gas, a plasma, emerges.

According to Fig.  2.2, plasmas are composed of components such as neutral 
particles, charged particles and reactive particles, especially so-called radicals, 
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resulting from chemical gas phase reactions, inter alia, from the decomposition of 
molecular gas particles into their atomic, reactive components (dissociation). In 
addition, plasmas are sources of electromagnetic radiation since some particles emit 
their previously absorbed energy as defined light quanta. Furthermore, significant 
gas heating can be associated with plasma generation whereby heat transfer can be 
relevant. As a consequence, increased chemical reactivity, electrical conductivity, 
emission of radiation as well as susceptibility to magnetic forces of a plasma com-
pared to a gas is associated.

More than 95% of the visible matter of the entire universe is in the plasma 
state. On the universe scale, plasmas extend over approximately 10 magnitudes in 
temperature and approximately 30 magnitudes in density. One of the best known 
extraterrestrial plasma phenomena is the sun that makes our life on earth possible. 
Natural plasma phenomena occur in the atmosphere of our earth in the form of 
lightning and polar lights (aurora borealis and aurora australis, respectively).

The resulting properties of a plasma are determined by its parameters. For tech-
nical purposes, among the most important are the gas composition, the energy sup-
ply as well as the pressure conditions. Due to the extraordinary reactivity that can be 
controlled within wide limits, technological plasma applications as enabling tech-
nologies are omnipresent in production engineering as well as in everyday life—
even if this is often hardly obvious to the public. On the other hand the attempts to 
use the core fusion technology “to bring the sun to earth” and thus to solve the 
energy problems of mankind are plasma technologies that are pursued with public 
interest. The generation of light in fluorescent tubes and energy-saving lamps is 
likewise carried out with the aid of plasma technology as the production of moving 
pictures by plasma display panels for television. Plasmas are an indispensable tool 
especially when processing surfaces and materials. Durable and abrasion-resistant 
printing of plastic surfaces, e.g., in the case of bank cards or shopping bags, is not 
possible without the use of plasma based pretreatment. The hardening and refine-
ment of surfaces in machine and automotive manufacturing, the generation of ver-
satile electromagnetic radiation, the production of microelectronic components, the 
air and water treatment and the coating of glass in various fields are only a few 
examples of the wide-spread industrial plasma applications depicted in Fig. 2.3.

2.2  Basics of Cold Physical Plasma

While heat is always a form of energy, energy does not necessarily mean heat. This 
differentiation is essential for understanding an exceptional plasma property: in 
addition to the thermodynamic equilibrium state (typical for solids, liquids and 
gases and common in everyday life), plasmas can also exist outside this equilib-
rium. In fact, plasmas can be tailored to be in non-equilibrium state. This additional 
degree of freedom originates from the fact that plasmas naturally exhibit more than 
one particle group. In principle, the electron temperatures Te are comparable to ion 
temperature Ti and neutral particle (gas) temperature Tg in equilibrium plasmas, 
whereas in non-equilibrium plasmas their temperature is significantly higher (see 
Sect. 2.3). This is due to significant differences in mass and charge of the particles 
involved.
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In technical plasmas, typically strong electromagnetic fields serve as sources of 
energy. Here, light electrons gain energy more efficiently than the comparatively 
heavy ions. Neutral particles cannot gain energy from the fields directly due to the 
lack of electrical charge.

Particles can transfer their energy via collisions. Yet, it is important to note, that 
energy transfer efficiency is highest when the particle masses of the collision part-
ners match. Therefore, heat transfer between electrons and heavy particles (gaseous, 
liquid, solid) is very inefficient per se.

Electrons in non-equilibrium plasmas have typical mean temperatures of 10,000–
100,000 K (corresponding to energies of about 1–10 eV). The temperature of the 
ions and neutral particles, however, is of the order of 300 K (room temperature) to 
1000 K.

It is this feature that makes non-equilibrium plasmas interesting for a broad range of 
applications, the reduced thermal impact on matter while maintaining high reactivity 
during plasma processing. In low pressure regimes, the statistical collision frequency 
between particles is low thus impeding the formation of a thermodynamic equilibrium. 
Therefore low-pressure plasmas have been technologically utilized for decades. At 
atmospheric pressure, on the other hand, the collision frequencies are markedly higher 
than in the low-pressure regime. Together with sufficient and continuous energy supply 
this would support the formation of a thermodynamic equilibrium. For this reason, 
non-equilibrium plasma conditions at atmospheric pressure are more challenging to 
achieve and dependent on technological measures. Amongst the most important are 
specific electrode concepts, controlled energy supply and convective cooling.
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Plasma medicine has been a powerful driver for cold plasma technologies at 
atmospheric pressure since the turn of the century [3]. Characteristics of cold atmo-
spheric (pressure) plasma (CAP) (sometimes referred to as “tissue tolerable plasma 
(TTP)”) include [4, 5]:

• operation at atmospheric pressure,
• mean electron temperatures sufficient or electron impact dissociation, excitation 

and ionization (>1 eV),
• mean gas temperatures of <40 °C,
• heat energy transfer to the target below an impairing level,
• (creeping) current to the target below significant induction of joule heating.

Plasmas with the above mentioned properties have expanded the field of applica-
tion with organic substrates and surfaces. According to Fig. 2.4, these plasmas inter-
act predominantly through a series of particle and radiation fluxes. Besides ions and 
electrons, the most important are reactive particles, which comprise reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) depending on the gas composi-
tion, (vacuum) ultraviolet radiation (100–380 nm), visible light (380–780 nm), near 
infrared radiation (up to 1000 nm) as well as electromagnetic fields.

2.3  Technology

Technically, plasmas are gas discharges. The arrangement of a gas discharge consists 
of at least two electrically conductive electrodes, between which an electrical potential 
(voltage) is built up thus inducing an electromagnetic field. In order to ignite a plasma, 
which can be described as the maintenance of the continuity of ionization processes in 
the gas space, high field strength is required. The absolute value of the field strength is 
dependent on the type of gas as well as on the gas density. In general, it can be esti-
mated using the so-called Paschen curve and is of the order of a few kV/mm [6].

+

+

+

+

-
-

-
-

Chargedparticles

Electromagnetic fields

ROS / RNS

Radiation (UV/VIS/IR)

Plasma

Fig. 2.4 Principal 
components of cold 
atmospheric plasma (CAP)

2 Plasma Sources for Biomedical Applications



28

2.3.1  Plasma Source Concepts

For the generation of atmospheric pressure plasmas, a toolbox of source concepts 
depicted in Fig. 2.5 is available. Plasma dimensions typically are of the order of a 
few mm3 to cm3. Depending on the concept, electrical powers from a few 10 mW to 
a few 10 W are converted. In the literature on plasma medical research the tech-
niques of plasma jet as well as dielectric barrier discharge are in the focus [7–11].

A classification of the source concepts by means of their electrical configuration 
and interaction characteristics with objects facilitates the general distinction 
between direct and indirect plasma sources. However, technical solutions are versa-
tile, so that hybrid concepts are prominent and briefly discussed.

2.3.1.1  Direct Plasma Sources
In direct plasma sources, the object to be treated plays the role of one of the elec-
trodes and is therefore part of the electrical circuit of the device. This may induce 
current flow through the object in the form of displacement or conductive current 
[12]. The plasma physics and energy dissipation into the plasma are dependent on 
the electrical properties (e.g., conductivity, stray capacities) of the object as well as 
its geometry to some extent.
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Direct plasma sources can be operated with all available technical gases. 
However, they are often used in such a way that they convert the ambient air (or 
surrounding gas) in close vicinity to the object surface into a plasma and are oper-
ated without separate gas flow. Thus, a gas-phase chemistry dominated by nitrogen 
and oxygen species is formed. The species fluxes and composition depend inter alia 
on the power density, the electrode area, the electrode spacing and the gas humidity. 
In a first approximation, ozone is predominantly generated at low power densities in 
the air plasmas, while at higher power densities not only the particle densities 
increase but also the formation of nitrogen oxides in the plasma is favored [13].

Apart from fluxes of charges (ions and electrons) and strong electromagnetic 
fields, plasma-induced short-lived neutral gaseous particles (e.g., atoms, radicals) 
may interact with the object’s surface as a result of the direct contact to the plasma. 
In addition, fluxes of long-lived species (e.g., ozone, nitrogen oxides, hydrogen per-
oxide) produced in gas phase reactions as well as photons (UV/VIS/NIR) act upon 
the object’s surface.

The Corona discharge concept in Fig. 2.6a is based on a point-to-plane arrange-
ment where, due to the geometry, local excessive increase of electric field strength 
occurs at the pointed electrode. By operating with DC voltage, characteristic positive 
and/or negative coronas occur. The plasma forms filiform with a diameter of typically 
200 μm [14]. Electric resistors are applied to limit the discharge current and thus also 
the gas temperature. Similar to volume DBD, the corona can be operated in a configu-
ration, where the object’s surface (e.g., tissue) acts as the second electrode.
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Fig. 2.6 Schematic of Corona discharge (a) and volume DBD (b) as prominent concepts of direct 
plasma sources generating cold physical plasma. Spark discharges (c) are also direct plasma 
sources but are often associated with significant heat transfer to the object
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Dielectric Barrier Discharge (DBD) is sometimes referred to as silent dis-
charge or barrier discharge and describes a specific electrode arrangement charac-
terized by in minimum one isolating layer—typically a dielectric—that is shielding 
at least one electrode from the other. The plasma typically manifests in the form of 
micro discharges (filaments) with diameters up to 200 μm. However, those can 
propagate stochastically distributed over the entire electrode surface, depending on 
the excitation voltage and frequency. Uniform (diffuse) discharge forms are also 
known [15]. The electric charges transported by the micro discharges accumulate on 
the dielectric surface which leads to quick self-termination of the gas discharge 
within 10−8–10−7  s. This effect limits the maximum current flow thus preventing 
effective gas heating. As a consequence, for continuous operation alternating volt-
age is mandatory. DBD can optionally be operated with a special working gas or 
ignited in ambient air. In order to keep the gas temperatures sufficiently low (less 
than 40 °C), the electrical energy has to be controlled and minimized.

In general, the DBD can be divided into two classes, volume DBD and surface 
DBD. For details on surface DBD refer to Sect. 2.3.1.2., as this class can be consid-
ered as indirect plasma source. For Volume DBD, according to Fig. 2.6b the dis-
charge takes place in the volume between two electrodes. The grounded electrode 
can in either case be at ground potential or optionally “float” at a relative potential. 
In a typical configuration in plasma medicine, tissue or liquid may act as the elec-
trode. Hereby, the concept of volume DBD offers the possibility to treat large areas 
of up to a few 10 cm2 at the same time [16].

The Spark discharge is depicted in Fig. 2.6c with a special cavity-based arrange-
ment featuring a guided stream of working gas. Typically, pure noble gases such as 
argon or helium are used. In this configuration, the object to be treated serves as 
counter electrode. Centered in the cavity is the high voltage electrode that ignites a 
transient spark discharge developing into a streamer and operating also in glow 
discharge mode depending on polarity of the driven electrode [17]. Heat transfer is 
a dominant mode-of-action thus the plasma cannot be classified as cold physical 
plasma. Yet, especially in surgery, devices based on this concept are successfully 
marketed for the purpose of tissue cutting and blood coagulation since decades [18].

2.3.1.2  Indirect Plasma Sources
The electrical circuit of indirect plasma sources is self-contained so that the electro-
magnetic field and thus the plasma physics are not strongly dependent on object or 
environmental properties. The chemical species generated in the plasma are trans-
ported to the object’s surface via convection and diffusion mechanisms.

Operating indirect plasma sources at a separate and controlled gas flow is widely 
spread. Even though inert gases are prominent, at atmospheric pressure the plasma 
species inevitably interact with the ambient air thus inducing comparable air chem-
istry gas phase reactions as briefly described for direct plasma sources (Sect. 2.3.1.1).

In contrast to direct plasma, indirect plasma induces only minor, if any, fluxes of 
charged species to the object’s surface [12]. Furthermore, typical electrode configu-
rations do not induce electromagnetic field vectors onto the object’s surface whereby 
the effective field strength at the object’s surface is way smaller. Finally, short-lived 
neutral gaseous species (e.g., atoms, radicals) generated in the plasma may be 
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consumed in gas phase reactions prior to reaching the object’s surface. As a conse-
quence, fluxes of long-lived species as well as photons (UV/VIS/NIR) predomi-
nantly determine the interaction with the object’s surface. As soon as a gas flow is 
involved, dynamic pressure may also play a role.

For Surface Dielectric Barrier Discharges (DBD) the propagation of the 
plasma is limited by the structural specification of the electric field propagation to a 
thin layer at the dielectric surface according to Fig.  2.7a. The electrode design, 
which is structured on the surface or consists of several layers, comprises at least 
two electrodes. The grounded electrode can in either case be at ground potential or 
optionally “float” at a relative potential. For more details on DBD properties, refer 
to the general part on DBD in Sect. 2.3.1.1.

Plasma jets are cavity-based arrangements featuring a guided stream of working 
gas as depicted in Fig. 2.7b. Typically pure or mixtures of noble gases such as argon 
or helium are used. Within a cavity inside the device the plasma is ignited between 
first and second electrode. A combination of gas flow and electric field geometry 
then drives the plasma out of the cavity and into the ambient air, where it interacts 
to form reactive species in gas phase reactions. The emerging plume is referred to 
as “effluent” and is directed towards the surface to be treated. The effluent typically 
features diameters of 1–5 mm and lengths of up to a few cm. By parallel arrange-
ment of multiple jets also large area treatment (several 10 cm2) is possible. Besides 
potential-free jets, also concepts that induce a “creeping current” (like the DBD) 
exist, i.e., the surface can act as second or third electrode, which may lead to a more 
direct interaction mechanism with the treated object [19, 20].

According to Fig. 2.7c, a Plasma torch is generated in a cylindrical cavity and 
ejected at noble gas conditions. A characteristic feature in the distinction to the 
plasma jet is the significantly larger effluent diameter of up to 35 mm, which can be 
realized with an electrode and excitation concept applying high frequency to up to 
six electrodes and a matched resonator [21]. Even though the core plasma is typi-
cally too hot for biomedical applications, convective cooling can lead to biocompat-
ible effluent temperatures at some distance to the nozzle.
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Fig. 2.7 Schematic of surface DBD (a), plasma jet (b) and plasma torch (c) as prominent concepts 
of indirect plasma sources
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2.3.1.3  Hybrid Plasma Sources
Hybrid plasma sources combine properties of direct and indirect plasma sources.

Barrier coronal discharge is a configuration close to surface barrier discharges 
comprising two electrodes. As depicted in Fig. 2.8, the object to be treated is in direct 
contact with a planar mesh electrode that needs to be operated on ground potential in 
order to prevent current flow through the body. The high voltage electrode is covered 
by a dielectric and induces the formation of a thin plasma layer within the blanks of 
the mesh electrode [4, 22]. As a consequence of the close vicinity of the plasma layer 
to the object, also short-lived gas species may interact with the object surface.

Plasma bullet Jets feature an electrode configuration that introduces a signifi-
cant electromagnetic field vector into the direction of the guided gas flow. This 
enables the generation and ultra-fast emission of ionization wave packages (often 
referred to as “bullets”), that according to Fig. 2.9 travel at velocities of up to some 
105 m/s into the ambient air [23, 24]. As a consequence, production of short-lived 
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species as well as significant local electromagnetic fields may be realized outside 
the cavity thus adding additional components for interaction with the object’s sur-
face compared to plasma jets [25, 26].

2.3.2  Control Units

Modern plasma sources for plasma medicine are predominantly designed in such a 
way, that they comprise a hand-held, cable-connected or mechanically guided head 
for the application of the plasma to the patient. This head module is connected to a 
control unit. The latter together with the power supply is accommodated in a hous-
ing providing a display for user feedback and optional control of process parameters 
such as start/stop, the treatment duration, the gas flow and the power input. The 
power supply of the control unit delivers the electrical signals which, in conjunction 
with the high voltage circuits and electrodes housed in the head module, provide 
sufficient electric field strength for plasma generation.

The power supply for corona plasma sources is usually based on a DC voltage of 
up to ±15 kV. The polarity of the voltage affects the propagation behavior of the fila-
ments and, under certain conditions, a self-pulsation of the plasma by space charge 
effects can be observed despite DC operation [27].

Dielectric barrier discharges, on the other hand, are operated exclusively with 
alternating voltages of up to 20  kV.  In addition to sinusoidal excitation, mainly 
pulsed operation is used to reduce the average power input thus limiting gas heating. 
High-frequency pulses with durations from a few 10 ns to a few 10 μs are used at 
repetition rates between 100 Hz and several kHz [10, 28, 29]. The total power con-
sumption of such a control unit is less than 10 W.

Pulses at durations <1 μs with repetition rates of up to 10 kHz and amplitudes of 
up to 10 kV are also used to supply energy to the plasma jets [30]. In addition, sinu-
soidal excitations with frequencies of up to 1.1 MHz and amplitudes of 1–3 kV are 
used. In order to reduce the power input and avoid excessive gas heating, the sinu-
soidal signal can be operated at defined ratio of on-off times, which is often referred 
to as burst mode. The total power consumption of typical single jet systems is 
approximately 8 W [7].

The energy coupling in the torch arrangement is realized by microwaves with a 
prominent frequency of 2.45 GHz and amplitudes of typically only a few hundred 
Volts. In this concept, resonance effects form a standing wave between the elec-
trodes and the walls of the housing (resonator). Resonance effects finally build up 
the field strength required for the generation of plasma. The power consumption is 
approximately 85 W [21].

2.3.3  Challenges and Solutions

A particular challenge for plasma source development arises as soon as large area 
treatment is required. Applications such as the treatment of burns often require the 
supply of areas up to some 10 cm2 in as short a time as possible. With DBD, it is 
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possible to achieve a high scaling of the basic configuration. However, this results 
in increased demands on dielectric strength of the applied materials, temperature 
resistance and power supply. If this is secured, DBD can be customized in a wide 
range. First prototypes of silica based and textile based wound patches are under 
development actually in Germany, The Netherlands and Japan. For plasma jets, a 
high scaling at atmospheric pressure is possible via an array arrangement of several 
individual jets. While temperature and dielectric strength remain essentially the 
same, the challenges are particularly in the case of an intelligent and cost-effective 
solution for the gas and power supply.

Another challenge, particularly relevant for volume DBD, is the demand for 
defined gaps between electrodes and tissues in scales of 1–2 mm. Technical solu-
tions include the use of appropriate plastic spacers, the structuring of the dielectric 
surface pointing towards the object as well as a curved dielectric design.

Finally and particularly relevant for plasma jets and plasma torches is the chal-
lenge of temperature gradients that needs to be addressed. As gas temperatures of 
the effluent feature a physiologically harmless level only at distances of a few mm 
to cm to the nozzle, plastic spacers are mandatory to prevent thermal impact on 
tissue.

2.4  Medical Products

The development of plasma sources for biomedical applications dates back to the 
beginning of the twentieth century. Back then, the inventor Nikola Tesla developed 
the Violet wand (sometimes referred to as Violet Ray), copied by many suppliers 
and marketed within the framework of high-frequency therapy. Furthermore, the 
Biogun is marketed since 1989 by Dentron Limited, Clynderwen, United Kingdom. 
The device operates at direct current with amplitude of 10 kV and comprises a clas-
sical corona arrangement. The manufacturer claims antibacterial efficacy of the 
device for applications in dentistry, podiatry, and veterinary [31]. The Plason device 
is based on a DC arc configuration. It produces significant amounts of nitric oxide, 
which is cooled down and supplied via a gas stream to the wound site [32, 33]. For 
non-destructive biomedical applications, however, the plasma itself is not in direct 
contact with the tissue, whereas this technique is not in the focus of this book. The 
helium-based multi-jet arrangement BioWeld1™ is CE cleared for surgical incision 
closure incorporating the use of a special chitosan plaster [34]. Yet, currently sys-
tematic clinical and publically available data with scientific quality assurance (peer- 
review) on the above mentioned devices are sparse.

It was the global scientific-driven independent research activities on cold atmo-
spheric plasmas (CAP) for biomedical applications since the beginning of the mil-
lennium, which led to deeper insights into the biomedical potential of plasma 
technology and extensive publicly available data. On the basis of genuine data, two 
German manufacturers were able to declare conformity of their devices with 
Directive 93/42/EEC on medical products class IIa in 2013. A Japanese-English 
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manufacturer followed in 2015. As the FDA approval for the devices explained in 
more detail below is still pending, they are currently only available on the European 
market.

The most intensively studied plasma source for medical use is the kINPen® 
MED, which was researched at INP Greifswald, University Medicine Greifswald 
and Charité Berlin and developed jointly with neoplas tools GmbH, Greifswald, 
Germany. It is a medical product (class IIa) approved in 2013 according to Directive 
93/42/EEC.  The device is shown in Fig.  2.10 and corresponds to a plasma jet 
arrangement. A needle electrode is centered in a cylindrical arrangement. While the 
cylindrical jacket is at ground potential, the needle electrode is at high voltage 
potential. The needle electrode is surrounded by a capillary and is thus shielded 
dielectrically against ground. The control unit supplies the hand-held head with a 
constant argon gas flow of about 5 standard liters per minute (slm) and a DC power 
of maximum 8 VA (110/230 V, 50/60 Hz). By means of the electric field geometry, 
the plasma generated between the needle electrode and mass is expelled as a so- 
called “effluent.” The feed gas argon with mixtures such as oxygen and nitrogen 
mixes with the ambient air. By means of the energetic electrons and further compo-
nents of the plasma, the generation of the effective “cocktail” is thus produced. By 
moving the hand-held head, it is also possible to place the plasma locally at the site 
of the treatment. Various measurements were carried out on the device to character-
ize the effectiveness and safety for possible applications [35].

A direct plasma source designed by the HAWK in Göttingen, then extensively 
studied in cooperation with the Ruhr-University Bochum, the Fraunhofer IST, the 
University Medical Center Göttingen as well as the Greifswald University Hospital 
and finally developed by CINOGY GmbH, Duderstadt, Germany to marketability, 
is the PlasmaDerm®. In 2013, the manufacturer declared the conformity of its 
devices with Directive 93/42/EEC on medical products of class IIa. The PlasmaDerm® 

Fig. 2.10 Photograph of the medical product kINPen® MED by neoplas tools GmbH (Greifswald, 
Germany) (left) and its application on tissue (right)
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operates according to the principle of volume DBD and is depicted in its third devel-
opment stage in Fig. 2.11. The source is technically designed as a one-electrode 
system—a plane electrical conductor is encased in a high-voltage-resistant plastic. 
The counter electrode is the human body. Therefore, plasma generation starts not 
before the electrode is placed close to or on the tissue. The plastic is flexible and 
adapts to curvatures of the human body at gentle mechanical pressure. The surface 
of the electrode features a structure facilitating a steady air gap of approximately 
2 mm to the tissue surface. This ambient air layer is then converted into cold physi-
cal plasma on an area of up to 27 cm2. A separate gas supply is not required. The 
easily exchangeable electrodes are delivered in sterile packaging and are designed 
as disposables. Thus, cross-contamination between patients can be prevented. At the 
control unit, a treatment period of 1990 s is pre-programmed for reproducible treat-
ment modalities. The entire system has a maximum power consumption of less than 
10 VA (110/230 V, 50/60 Hz) and requires only a standard socket to be ready for 
action.

For first clinical trials in Germany, the MicroPlaSter® device of the Japanese 
manufacturer Adtec Plasma Technology Co. Ltd. was used and intensively studied 
by the Max Planck Institute for extraterrestrial physics, Munich, Germany. Such 
sources have been marketed since summer 2015 under the product name SteriPlas 
by Adtec Healthcare, London, United Kingdom as a wound management system. 
The SteriPlas is basically a plasma torch operated at microwave excitation. The 
argon gas flow is of the order of 2–3 slpm [36]. Continuous monitoring of gas tem-
perature enhances safe treatment. At a distance of 2 cm from the nozzle, plasma gas 
temperature is <40 °C. In order to position the plasma head in the desired position, 
it is mounted to a balanced treatment arm according to Fig. 2.12. Operating time can 
be adjusted from 20 s to 9.5 min. The entire system has a maximum power con-
sumption of 1500 VA (110/220 V, 50/60 Hz).

Fig. 2.11 Components of the PlasmaDerm® FLEX 9060 by the CINOGY GmbH (Duderstadt, 
Germany) comprising one-button control unit, hand-held head with attached electrode and connec-
tion cables (left). Structured electrode for plasma generation directly on the skin surface (right)
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2.5  Conclusion

The availability of appropriate plasma sources is crucial for the success of biomedi-
cal plasma applications. At present, as a result of the worldwide activities on plasma 
medical research, three main devices of the cold plasma application are on the mar-
ket as approved medical devices: kINPen® MED, PlasmaDerm® and SteriPlas sup-
ported by clinical trials. The comprehensive scientific background behind the 
devices is specific and the research is still proceeding rapidly. As part of the further 
development work, it has proved to be very helpful to consider individual aspects of 
standardization at intermediate stages in the development process. For example, the 
process of high-scaling of plasma sources is associated, among other things, with 
increased ozone production, which must be taken into account and reduced by 
adjustments. Despite the previously reported success in the use of plasma sources, 
a further intensification of clinical studies is necessary to argue and establish the use 
of atmospheric pressure plasma sources in daily clinical practice.

2.6  Outlook

In addition to the plasma sources described here, which have already undergone a 
long developmental path, new approaches for plasma sources are constantly being 
developed, based on the specific requirements, as well as through growing know- 
how and continuous material development. A prospect of potentially new sources of 

Fig. 2.12 The Steriplas wound management system (London, United Kingdom) (left) is based on 
a plasma torch producing an argon plasma. The effluent is brought in contact with the tissue at 
some cm distance to the nozzle (right)
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the INP Greifswald is shown in Fig. 2.13. Larger area treatments in shorter time are 
a necessary extension of the present devices. This can be achieved either by multi—
jet devices (Fig. 2.13a–c) or flexible DBD’s (Fig. 2.13d,e) especially latter offer a 
wide range of applications from plasma plaster to the large area wound dressing. 

a

d

f

i k l

g h

e

b c

Fig. 2.13 Selected prototypes in development at INP Greifswald (a–c) multi-Jet arrays for large 
area treatment, (d–f) flexible DBD devices using silicon or textile as electrode material for large 
area treatment, (f, g) devices optimized and intended to use for large area treatment, (f, g) devices 
optimized and intended to use for dental applications, (h) device for pre-treatment of dental abut-
ments, (i, k) prototype of endoscope for treatment of hollow bodies, (l) large size DBD for surface 
treatment
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Further battery-driven plasma sources will increase mobility of the patients allow-
ing the treatments outside the hospital.

The intensive efforts of the CAP source development for biomedical applications 
and the resulting research show a leverage effect for other fields of the plasma appli-
cation, such as clean air, clean water and clean surface and clean food. The newly 
developed plasma sources and the resulting experience in these areas can ensure the 
development of new plasma sources for individual problems. Examples are shown 
in Fig. 2.13f–h. For implant technology, dental implants could be treated with mul-
tiple plasma jets all around with the device shown. For this purpose, the implant is 
placed on a turntable and the jets installed at different heights clean the implant all 
round and could thus simultaneously optimize the ingrowth into the bone (see also 
Chap. 18 for further details). The treatment of hollow bodies or the use of plasma 
for minimal invasive technologies opens up a new field of medical applications, 
such as the use of endoscopes providing CAP, so called “plasmoscope” depicted in 
Fig. 2.13i,k. A mobile, air-operated hand-held device (Fig. 2.13l) generates a DBD 
at the site of application and can thus treat surfaces of germs or increase 
wettability.

Future devices will additionally be equipped with optical sensors and imaging 
techniques for automatic control of the treatment and detailed investigation of the 
treated area regarding contamination, blood circulation and temperature. Therewith 
an individual, optimized and standardized wound treatment will become possible.
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3Relevant Plasma Parameters 
for Certification

Torsten Gerling, Andreas Helmke, 
and Klaus-Dieter Weltmann

3.1  From Research to Hospital

The promising potential of cold atmospheric pressure plasma (CAP) technology for 
biomedical applications can only be lifted if appropriate sources are ready for clini-
cal applications. For this purpose, the sources must acquire the status of a medical 
device. The general technical workflow for this usually several years-long process 
is visualized in Fig. 3.1. Once CAP sources are functional, they are characterized 
over a wide range of process parameters—technically as well as on potential bio-
medical efficacy and toxicity. As soon as results indicate suitability and safety for 
applications in human studies, pilot or case studies can be performed on the basis of 
positive ethic votes. When further operational safety can be assured and the manu-
facturers fulfill regulatory guidelines, they can declare conformity of their devices 
and CAP sources are ready to be applied in therapies.

In Europe, CAP sources for biomedical applications are currently covered by 
Directive 93/42/EEC. In the US, Title 21 of the Code of Federal Regulations covers 
the regulation of medical devices. In this chapter, we focus on the preclinical char-
acterization of technical process parameters and the available diagnostics.
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3.2  Plasma Components and Their Relevant  
Biomedical Impact

In general, the term plasma describes a quasi-neutral gaseous mixture of charge car-
riers that are subject to external (electromagnetic) forces thereby exhibiting collec-
tive behavior. In addition to these free-moving electrons and ions, plasmas contain 
a variety of further physical and chemical components. This includes radiation from 
the (vacuum) ultraviolet to the near infrared range, a complex variety of gaseous 
species and radicals including reactive oxygen species (ROS) and reactive nitrogen 
species (RNS), optional heat transfer and electric fields [1].

Each particular component depicted in Fig. 3.2 is described as having a potential 
effect on living organisms. For instance, UV radiation is applied in the photo ther-
apy of skin diseases such as psoriasis or atopic dermatitis [2, 3]. The general physi-
ological function of ROS and RNS and their dual role as both deleterious and 
beneficial species is well known [4–6]. Electromagnetic fields and electrical cur-
rents are applied, e.g., for electrical muscle stimulation (EMS) and transcutaneous 
electrical nerve stimulation (TENS) [7, 8].

However, the specialty about the use of cold atmospheric plasmas (CAP) is that 
all of these components are effective at the same time and can even excite synergetic 
effectivity in the form of a so-called “cocktail”. Even short-lived chemical gas spe-
cies can contribute at the site of the treatment. While this is very encouraging with 
regard to biomedical efficacy, specific challenges in the measurement of particular 
process parameters arise from the synchronized appearance of all components in 
time and space. In order to evaluate operational safety and furthermore to gain 
inside into the mechanisms of plasma interaction with living tissue, each component 
needs to be characterized as precise as possible.

Clinical
applications
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to medical
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Clinical proof-
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of technical
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Fig. 3.1 General workflow from plasma source development to clinical applications
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3.2.1  Antimicrobial Activity

Research groups from all over the world were able to observe a pronounced anti-
microbial effect induced by CAP. Both gram-negative and gram-positive bacteria 
in adherent, planktonic or vegetative form as well as yeasts and fungi have been 
successfully inactivation [9–12]. Even the inactivation of biofilms of the 
methicillin- resistant Staphylococcus aureus or the extremophile genus 
Deinococcus radiodurans has been reported [13, 14]. According to current knowl-
edge, no resistance buildup against CAP has been observed so far [15]. A detailed 
discussion on individual antimicrobial activity of the components from Fig. 3.2 is 
presented in Chap. 1.

3.2.2  Impact on Eukaryotic Cells

An important finding with regard to applications in wound care is the in vitro obser-
vation that proliferation of endothelial cells can be enhanced by controlled plasma 
exposure [16]. Likewise in vitro, a plasma impact on mammalian cells in liquid 
medium, which reached from the stimulation of cell proliferation up to the introduc-
tion of apoptotic events depending on process parameters, was observed. The effects 
were attributed to the formation of intracellular reactive oxygen species, but further 
studies suggest that ozone has no dominant impact [17, 18]. Instead, it was found 
that hydrogen peroxide mediates proliferation and differentiation of human fibro-
blasts [19].

radicals and chemical products

electrons + ions
(V)UV radiation

plasma

visible light

electromagnetic fields

thermal radiation

cell

cell wall/
membrane DNA proteins

Fig. 3.2 Components of CAP relevant for interaction with cells and tissue [1]
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3.2.3  Impact on Liquids

CAP operated partially or completely in air are sources of gas phase species such as, 
e.g., the hydroxyl radical (OH∙), nitrogen oxides (NO·, NO2∙, ONOO−), hydrogen 
peroxide (H2O2) or superoxide or hyperoxide (O2

−), which can react with water to 
form acids. This can lead to a significant reduction of the pH value [20, 21]. As a 
result, pH-dependent biochemical reactions in the wound area should be sensitive to 
plasma exposure. Furthermore, blood coagulation was significantly accelerated by 
the use of a volume DBD in air with a power density of about 1 W/cm2, however 
timescales need to be considered for clinical applications [22, 23].

3.2.4  Clinical Data

During the last years, different CAP sources have been applied in clinical practice. 
The following paragraphs give a short overview, yet, more details can be found in 
Part 2.

In 2010, interim results for clinical use (Phase II, proof-of-concept) of a CAP 
source (MicroPlaSter®) for wound care on 36 patients were published for the first 
time. It was demonstrated in vivo that the bacterial colonization of chronic wounds 
could be significantly reduced by 34% by the daily embedding of a 5-min plasma 
exposure into the therapy plan. In addition, no side effects were observed [24]. In a 
further study, the study design was modified in such a way that the treatment period 
was reduced to 2 min and a comparative study path was added using a further devel-
oped device version, the MicroPlaSter® β. The MicroPlaSter® β has the same plasma 
process parameters and differs only from its predecessor with a more compact 
design and more flexible mechanics. In both studies, significant reductions of the 
bacterial populations of 40% by the MicroPlaSter® and 23.5% by the MicroPlaSter® 
β were also demonstrated without side effects [25]. In a study on pruritus reduction, 
the effect of CAP as produced by the MicroPlaSter® was not superior of an argon 
gas stream after exposure for 2  min [26]. Applying the device to a group of 70 
patients suffering from chronic infected wounds in order to evaluate the plasma 
effect on wound healing, no significant benefit was found. Yet, in a subgroup of 27 
patients with chronic venous ulcers, a significant reduction of wound width but not 
wound length was observed [27]. On 40 patients, one half of the uninfected split- 
skin graft donor sites was treated with plasma for 2 min/5 cm2, whereas the other 
half served as control. The examiners observed positive impact of the intervention 
on wound healing indicated by faster epithelization as well as less fibrin coating and 
scabs [28]. More details on clinical data on this plasma source, meanwhile renamed 
to SteriPlas, can be found in Part 5, Chap. 34.

Further investigations with seven healthy volunteers using a jet plasma source 
operated with argon as working gas observed a decrease in the beta-carotene con-
centration in the outer skin layer (stratum corneum) and an increase in 
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transepidermal water loss (TEWL). This impact on the skin physiology was without 
obvious damage to the skin tissue [29]. In the in vivo inactivation of a physiological 
and an artificially contaminated skin flora a significant reduction of the bacterial 
load (log reduction factor of up to 1.7 after 90 s treatment period) was demonstrated 
for the kINPen® 09 as well as a volume DBD. At the same time, the treatment by 
both plasma sources was well tolerated by the subjects [30].

Clinical data on the use of kINPen® MED in wound healing were published in 
2012. At controlled conditions, four artificial wounds were added to the forearms 
of five subjects, each of which was then treated with argon plasma in various sam-
ples (control, 10 s exposure, 30 s exposure and 10 s exposure on three consecutive 
days). After 10 days, the healing progress was evaluated in a blinded study layout 
from the aesthetic point of view focusing on the color and structure of the wound 
compared to healthy tissue. The best regenerative advances were achieved by the 
repeated plasma application for 10 s [31]. An evaluation of the healing outcome 
was performed again after 6 and 12  months, respectively, by 17 independent 
observers using a more sophisticated scheme. In addition to the fact that the plasma 
treatment appears to be most effective on the early inflammatory phase of wound 
healing (after 10 days), it could be shown as an important result that no precancer-
ous changes of the skin tissue can be detected up to 12 months after exposure [32]. 
In a total of 34 patients suffering from venous ulcers, the antibacterial efficacy of 
kINPen® 09 was compared with the effect of an established liquid antiseptic 
(Octenidine). A significant antibacterial effect was documented in each case at a 
plasma treatment time of 1 min/cm compared to a dose of 0.2 mL/cm2 Octenidine 
(0.1% octenidine dihydrochloride and 2% 2-phenoxyethanol) [33]. In assessing 
wound size, a 56% reduction was observed by the kINPen® and a 19% reduction 
by the use of Octenisept [34]. In the treatment of three plaques of six psoriatic 
patients, the argon plasma jet did not show significant advantage over conventional 
therapies [35]. More details on clinical data on this plasma source can be found in 
Part 5, Chap. 34.

With the volume DBD-based device PlasmaDerm®, a pilot study on safety and 
efficacy has been carried out from 2011 to 2012 on the indication venous ulcer at an 
exposure of 45 s/cm2. The plasma treatment was classified as safe and resulted in a 
significant reduction in the bacterial loading of the wounds as well as a non- 
significant reduction in the wound size. Still, the only wound that closed after 
7 weeks of treatment was assigned to the plasma group [36]. In a study applying a 
volume DBD in the working gas air for 90 s, acidification of skin specimen as well 
as substantial increase about a factor of four in dermal microcirculation parameters 
of four volunteers for up to 1 h after the intervention could be observed [37]. This 
general health-promoting effect was also demonstrated in 20 healthy subjects for 
the PlasmaDerm® [38]. Furthermore, it was shown that a repeated intervention of 
90 s for three times in total further increased the perfusion until finally a saturation 
effect occurs at upregulated microcirculation [39]. More details on clinical data on 
this plasma source can be found in Part 5, Chap. 35.
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3.3  Plasma Process Parameters Relevant for Medical 
Regulations (Safety)

While the plasma cocktail motivates the medical application of cold atmospheric 
plasmas (CAP), it simultaneously implies upcoming challenges. The field of medi-
cal technology and even the common people on summer vacation are well familiar 
with the side effect of e.g. UV overexposure. Hence an essential task for the devel-
opment of plasma devices for medical application is the control and verification of 
regulatory limits to ensure safety of the application. Known regulatory limits con-
cern the production of potentially toxic radicals such as ozone or nitrogen oxides, 
the UV radiation, thermal impact on skin as well as the patient leakage current. 
Furthermore, as long as a global plasma `dose’ is not defined, a certain proof of 
antimicrobial and biological effectivity is required to verify functionality beside the 
safety aspects. Recently, a recommendation for a safe qualification of such CAP 
devices applicable during the research and development phase was presented. 
Herein, core criteria for the field of biomedical applications known in regulatory 
affairs are recapitulated. A compendium on legal regulation was summerized under 
DIN SPEC 91315 [40].

The literature discusses many plasma sources still under development and also 
the potential application in plasma medicine [41]. In order to ensure a certain level 
of comparability of plasma devices designed for application in plasma medical 
research, these devices need at least to be characterized concerning safety aspects 
for the patient and the attending staff. Figure 3.3 summarizes potential risks associ-
ated with plasma components such as electromagnetic fields, heat, radiation as 
well as reactive and charged particles. Process parameters of each individual 
plasma source need to be carefully balanced in order to prevent potential adverse 
events.

In the following sections we will describe the potential risks in more detail, refer 
to relevant regulatory literature and briefly discuss available diagnostics to ensure a 
throughout qualification of safety when applying CAP sources, even when still in 
development stage.

3.3.1  Operation at High-Voltage

CAP is generated using predominantly oscillating electromagnetic fields with 
amplitudes up to 106 V/m. Therefore, application of high electric potentials (up to 
104 V) at elevated frequencies (up to 109 Hz) and small distances (down to 10−3 m) 
is common. The handling of devices operated by high voltage requires a basic 
understanding of the associated risk potentials.

An immediate danger to human health might arise, when parts of the human 
body get in close vicinity or direct contact with high-voltage components thus 
inducing an electrical current flow through the body (see Sects. 3.4.2 and 3.4.3). In 
contrast to low-voltage applications, current flow might even be induced at 
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distances of some mm to cm (depending on the electric potential) to the electrodes 
due to the formation of an electrical spark. To avoid this risk, in all medical products 
for CAP generation, the direct access to high-voltage components is restricted 
construction- wise by embedding relevant components in an appropriate dielectric 
material or behind electrically grounded components. In individual cases, this pro-
tection can be particularly sensitive to mechanical damage of the components.

Furthermore, as sources of electromagnetic energy, plasma devices may poten-
tially cause unwanted effects such as electromagnetic interference or even physical 
damage to technical equipment in their immediate environment or couple interfer-
ences into the electrical power network they are connected to. For medical products, 
it is up to the manufacturer to declare the conformity of their devices with the regu-
lations of IEC 60601-1 and their national implementations [42].

Neutral
particles

Electromagnetic
fields

Heat 
transfer

Radiation
(UV/VIS/IR)

Reactive
particles

Charged
particles

None (> 13% oxygen)

Spark formation

Electromagnetic interference

Joule heating

Denaturation of proteins

Cell necrosis

DNA damage

Irritation of the eye

Irritation of respiratory tract

Electrical current flow

Joule heating

Oxidative stress

Fig. 3.3 Components of CAP and their associated potential risks if process parameters are not 
carefully balanced
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3.3.2  Thermal Impact

It is well known, that heat can induce denaturation of biomolecules such as proteins 
or deoxyribonucleic acid (DNA) associated with a loss of biological activity. In this 
process, breaking of intramolecular bonds leads to reversible or permanent modifi-
cation of the secondary, tertiary and quaternary structure of the biomolecule [43]. 
Excessive tissue heating can lead to tissue burns associated with cell necrosis. While 
denaturation is deliberately utilized in applications such as heat sterilization or tis-
sue coagulation, it is generally accepted, that for humans the temperature must not 
exceed 40 °C in order to sustain biological activity.

In plasma technology, electromagnetic energy transfer leads to heating of the 
gaseous media or device components the rate of which is dependent on the applied 
thermal power, distribution mechanisms as well as cooling mechanisms. In bio-
medical applications applying plasma devices, heat transfer from the gas or device 
components to the tissue by means of thermal conduction, convection or radiation 
may locally increase tissue temperature. Furthermore, as soon as a patient leakage 
current is induced by the plasma device, Joule heating may also contribute (see 
Sects. 3.3.3 and 3.4.3).

A variety of standard methods is available to characterize the specific thermal 
characteristics associated with biomedical applications of plasma devices. 
Applying non-invasive optical emission spectroscopy, the rotational structure of 
emission spectra can be analyzed to determine the temperature of gaseous neutral 
gas species at typical accuracies of some ±10 K. Applying fibre optic temperature 
sensors, the temperature of gaseous and liquid media can be measured at an accu-
racy of ±1 K. Yet, especially at small plasma dimensions this method may lead to 
significant disturbance of plasma propagation by the probe. A non-contact method 
to measure the surface temperature of solids in a single spot is pyrometry. Alike 
infrared thermography, which is an imaging technique, pyrometry is based on the 
detection of black body radiation. Typical accuracies of marketable devices 
amount to ±1–5  K and are strongly dependent on the chosen emission 
coefficient.

For the determination of the thermal power output of a plasma source, a calori-
metric method can be applied. Hereby, a metal substrate with defined mass and 
given specific heat connected to a fibre optic temperature probe can be positioned in 
the point of interest relative to the plasma source. From the heating rate (ΔT/Δt), the 
thermal output power can be calculated [44]. This method is especially suitable for 
free-jet device configurations.

It has been demonstrated for many plasma sources based on a variety of technical 
concepts such as DBD, corona, jet and torch, that gas temperatures below 40 °C 
(corresponding to 313 K) can be realized in CAP and that these sources have mini-
mal impact on tissue heating [45–48]. As in some jet-like configurations the gas 
temperature of the plasma enclosed in the cavity zone might exceed 40 °C, they 
need to be operated at an appropriate distance to the nozzle (technically realized by 
spacers) or have to be cooled to fulfill this criterion [44, 49].
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3.3.3  Electrical Current Flow

Depending on the media in which an electrical current flows, either electrons or ions 
or both may act as charge carriers. Direct currents (DC) with continuous amplitude 
as wells as alternating currents (AC) with time varying amplitudes exist. Current 
flow in the human body is predominantly by ions solved in body liquids.

An important thermodynamic property of current flow is the induction of Joule 
heating in conductive media, e.g., prominent from incandescent light bulbs. The 
human body, from an electrical perspective, can be considered a combination of 
capacities and impedances. The power of Joule heating depends not only on the cur-
rent but also on the impedance characteristics of the medium through which it flows. 
Thus, Joule heating may result in mild tissue heating but also in  local burns. 
Furthermore, current flow through the body may lead to interference with nervous 
control, muscular contraction, ventricular fibrillation, and cardiac arrest depending 
on parameters such as current magnitude, voltage amplitude, frequency, current 
path through the body, and exposition duration.

Cold atmospheric plasma sources are operated by electrical energy and may 
induce an electric current flow as soon as they are applied on the human body. Thus, 
adequate medical products need to comply with international standards for medical 
electrical equipment published by the International Electrotechnical Commission 
(IEC). “IEC 60601-1: General requirements for basic safety and essential perfor-
mance” applies to characteristics of medical electrical devices and medical electri-
cal systems with one connection to a supply network intended for the diagnosis, 
treatment or monitoring of a patient according to the manufacturer’s definition. 
These devices and systems transmit energy to or from the patient and are in physical 
or electrical contact with the patient. The patient leakage current is of central impor-
tance for plasma devices and it needs to be verified, that the induced effective cur-
rent flow is well below the limits [40, 42].

3.3.4  Ultraviolet Radiation

In physics, electromagnetic radiation refers to waves of the electromagnetic field 
(also referred to as photons) characterized by amplitude and frequency ν or wave-
length λ and travelling through a medium. In terms of radiometry, the irradiance E 
is the radiant flux received by a surface per unit area and is given in SI units of W/
m2. The irradiance is also referred to as intensity.

Relevant for the context of CAP are the wavelengths from approx. 10–1000 nm. 
According to ISO-21348, this radiation can be classified as bands of vacuum ultra-
violet (VUV, 10–200 nm), ultraviolet C (UV-C, 200–280 nm), ultraviolet B (UV-B, 
280–315 nm), ultraviolet A (UV-A, 315–400 nm), visible light (VIS, 380–760 nm), 
and near infrared (NIR, 760–1400 nm) [50].

For biomedical applications of CAP, ultraviolet radiation is of particular interest 
due to its mutagenic and cytotoxic potential. DNA is certainly one of the key targets 
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of UV-induced damage in a variety of organisms. DNA lesions such as cyclobutane-
pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) and their Dewar valence 
Isomers can be induced by UV radiation [51]. Both the acute skin response to UV 
in the form of erythema as well as the long term risk of skin cancer seem to be 
related to these pathways. However, the physiological impact of UV is strongly 
dependent on the photon energy and thus to the wavelength of the UV radiation. To 
account for this dependency, the International Commission on Non- Ionizing 
Radiation Protection (ICNIRP) has proposed a spectral weighting function Sλ for 
non-therapeutic and non-elective ultraviolet exposure of the unprotected skin in the 
range 180–400  nm. Moreover, the ICNIRP has recommended not to exceed an 
effective exposure of Dmax = 30  J/m2 or 3 mJ/cm2 per day. This value should be 
applied for the most sensitive, non-pathologic, skin phototype (known as “melano- 
compromised”) and should be considered a desirable goal to minimize the long- 
term risk [52]. It is worth noting, that Dmax is exceeded by a number of times in 
current UV-A and UV-B therapies targeting skin diseases [2, 53].

Depending primarily on working gas composition, physical plasmas emit radia-
tion at specific spectral characteristics often including components in the UV range. 
As soon as rare gases such as argon or helium are employed, the generation and 
transport of radiation in the VUV also becomes relevant, while with significant 
admixtures of air VUV radiation can be efficiently absorbed by the neutral gas com-
ponents O2 (below 200 nm) and N2 (below 100 nm) [54–57]. As a consequence, the 
UV emission characteristics of CAP devices need to be evaluated carefully - prefer-
ably at conditions as close as possible to the indicated clinical conditions. This can 
be particularly challenging for direct plasma sources (see Sect. 2.3.1.1) but also for 
indirect sources (see Sect. 2.3.1.2) individual experimental strategies need to be 
adapted.

An essential method for non-invasive investigation of plasmas is optical emis-
sion spectroscopy (OES). OES refers to the acquisition and analysis of the spec-
trally resolved emission of a radiation source. It is a powerful and widely spread 
method in order to gain insights into molecular processes. Thus, OES has long been 
prominent in plasma physics, e.g., to identify radiative particles from line emissions 
or calculate particle energies and temperatures from relative intensities as wells as 
electron densities based on broadening mechanisms of line profiles [58, 59]. 
Applying spectrographs based on refractive and/or diffractive optical components, 
electromagnetic radiation can be decomposed to intensity per unit of spectral band-
width Eλ. Experimental acquisition of VUV spectra is technically more demanding, 
whereas UV/VIS/NIR can be assessed quite comfortable by compact devices. Prior 
to spectrum acquisition, all spectrographs need to be calibrated in wavelength and 
relative (a.u.) or absolute (e.g. photons/m2/s/nm, mW/m2/nm) intensity, respectively 
[60]. Yet, in a post-processing workflow, spectral data in units of a.u. can be com-
bined with experimental results on irradiances applying absolutely calibrated radi-
ometers (W/m2) in order to achieve absolute spectral data.
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In this section, we demonstrate a method for evaluating the UV characteristics of 
a direct plasma source (volume DBD) and an indirect plasma source (plasma jet) 
[44, 61]. For both source types, clearly diverse emission spectra as well as the spec-
tral weighting function Sλ are given in Fig. 3.4.

In order to access the UV characteristics of the volume DBD, one has to put up 
with the task that the tissue acts as the counter electrode. Thus, the relevant 
plasma- induced irradiance is not accessible by measurement technology in the 
relevant tissue plane. For a plasma jet device, the propagation and thus emission 
characteristics of a free-jet configuration may differ from the real application con-
ditions in which the effluent may be spatially expanded by interaction with the 
tissue surface. Consequently, an artificial counter electrode needs to be adapted 
for direct sources, whereas it is optional for indirect sources. The counter elec-
trode can be any object of sufficient conductivity combined with optical transpar-
ency of defined transmittance Tλ, e.g., a mesh electrode or a fused silica covered 
by a thin indium tin oxide (ITO) layer connected to ground potential. Connecting 
the counter electrode to ground potential resembles a worst-case scenario suitable 
for operational safety evaluation as the effective electric potential difference is 
maximized.

Yet, in contrast to the indicated clinical condition, applying an artificial counter 
electrode introduces an additional absorbing medium. As a result, only an absorption- 
reduced irradiance Iabs can be detected experimentally—either by an absolutely cali-
brated spectrograph or an absolutely calibrated radiometer both in the position 
inferior to the counter electrode. As soon as the spectrograph is not absolutely cali-
brated, the plasma emission spectrum Eλ is recorded in a.u. applying a fibre based 
spectrograph at relevant positioning. Options for experimental set-ups featuring a 
radiometer configuration are shown in Fig. 3.5.
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Fig. 3.4 Typical emission spectra and intensities of CAP generated by a DBD operated with air 
(a) and a plasma jet operated with argon (b). In red, the spectral weighting function Sλ according 
to [52] is highlighted
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Absolute values of Iabs as recorded by the radiometer correlate with the integral 
of the plasma emission spectrum Eλ multiplied with the transmittance spectrum Tλ 
of the counter electrode within the sensitivity limits of the detector. Thus, the spec-
trally resolved irradiance distribution Iλ in units of mW/m2/nm can be calculated 
according to eq. (3.1):

 

I E
I

E T d
abs

l l
l l l

= ×
ò ×  

(3.1)

An effective irradiance Ieff can be calculated by normalizing the spectrum to a 
monochromatic source at 270 nm via the spectral weighting function Sλ illustrated 
in Fig. 3.4 by eq. (3.2):
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(3.2)

Taking into account the effective exposure limit of Dmax = 30 J/m2, a maximum 
daily treatment duration Tmax specific for the process parameters of the studied 
plasma source can be calculated by eq. (3.3) and be applied in order to ensure safe 
treatment conditions on human skin:

 

T
D

Ieff
max

max=
 

(3.3)

Typical values Tmax for CAP devices are of the order of 30 min to some hours per 
day [40, 61].

3.3.5  Reactive Species Production

The application of CAP devices in an open surrounding implies the presence of 
reactive oxygen and nitrogen species (RONS) in close proximity. When operating 
either argon or air discharges, the energy put into reactive species production will at 
some point result in the exchange of energy with the ambient air and thus in the 
formation of ozone and nitric oxides (amongst many other species). These species 
themselves are crucial for antimicrobial effects of CAP but at the same time an 
overexposure of patients or attending staff may result in side effects ranging from 
small headache to irritation of the respiratory tract. As a consequence, threshold 
limits for save operation have been established, e.g. by the WHO, in order to prevent 
harm from befalling users. These byproducts are also known to occur, e.g., during 
the printing process of laser printers. General information and guidelines for the 
measurement of the formation of toxic gases are given in DIN EN ISO 12100 [62].

The first safety tests are always performed with mobile sensors to ensure safety 
even under laboratory conditions. In order to quantify the production of ozone and 
nitric oxide by the discharge, quick tests employing tubes with chemicals 
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compound are used. The chemical compound is fabricated depending on the respec-
tive radical to be detected and reacts by a change in color and depending upon the 
length of color change inside the tube, quantification can be applied. This method 
was patented in 1919 and since then further developed towards the product today 
[63]. These measurements allow a first quantification of the emission of these prod-
ucts to ensure safety for a possible user of a device. For further investigations on the 
impact of each individual reactive species onto biomedical effects, more advanced 
techniques are necessary. These techniques are presented in Sect. 3.4.

3.4  Plasma Cocktail of Active Agents

Besides the quantification of atmospheric pressure plasma devices with respect to 
safety aspects, the fundamental understanding of these devices towards the core 
plasma and the cocktail of agents they create is required to understand the individual 
qualification for plasma medical research. This has to be performed under consider-
ation of present diagnostic possibilities and limitations (Fig. 3.6).

In order to understand the effect of selected agents from the cocktail, a separation 
within the plasma is necessary. Some studies succeeded in separating excited spe-
cies and radiation and showed individual biomedical efficacy [64–66]. But for a 
throughout understanding, the effect of all six components individually would be 
necessary. Yet, the measurement access and the separation possibilities are limited. 
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Fig. 3.6 Components of CAP, their respective representative depending on the CAP under use 
and reported methods to access them
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The current state of experimental and theoretical investigations is addressed in the 
following subchapters to reveal current holdbacks.

It has to be considered that the temporal resolution of each method depends on 
the investigated agent. A higher requirement on temporal resolution results typically 
in a more advanced diagnostic. When considering the range of timescales in plasma 
dynamic, a total of ten orders of magnitude are involved [67]. Projecting these 
 timescales, e.g., on the hydroxyl radical (OH), the processes of water dissociation 
(0.1–10 ns), OH excitation (0.1–10 ns) and radical chemistry (0.1–500 μs) to form 
hydrogen peroxide (H2O2) are relevant and hence diagnostics from sub-nanosecond 
up to millisecond timescales are necessary. Typically, multiple diagnostics have to 
be combined to trace these cycles. Likewise, the spatial requirements range from 
sub-micrometer (plasma dynamic effects) up to millimeter (treatment distance).

Thus, plasma characterization is a challenging task with still many “blind spots” 
left. Consequently, scientists continuously develop new methods to gain more 
insights into the complex plasma dynamics for a diversity of plasma discharges, 
including CAPs.

3.4.1  Basic Electrical Characterization

For many studies the acquisition of the voltage and current signals is performed to 
evaluate plasma stability and reproducibility [67]. Furthermore, the electrical char-
acterization of devices operating at frequencies below 1 MHz depicts the plasma 
dynamic with a sufficient temporal resolution. Even a first qualification of discharge 
type can be concluded.

In some cases, the electrical power is evaluated as well [68, 69]. By quantifying 
the plasma input power, an important reference value is acquired to compare the 
application of different devices of the same type. It is worth noting, that total power 
consumption of plasma devices does not scale with biomedical efficiency.

For basic electrical characterization, a digital oscilloscope is applied in combina-
tion with voltage and current probes. Depending on the stage of development of the 
respective plasma source, the metrological access to the operating voltage might not 
be possible due to construction and safety reasons. The current at the target, how-
ever, can generally be accessed.

3.4.2  Charged Species

The existence of a minimal number of charged species in a small volume is a char-
acteristic of the fourth state of matter. For biomedical applications, electrons and 
ions were not yet found to individually affect the efficiency of the treatment. 
Nonetheless they have the key role inside a plasma discharge. All other active agents 
are somehow related to the electrons and ions. The interlinkage includes mainly 
collisions with electrons to excite, ionize or dissociate neutral species.
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Accessing the electron density in atmospheric pressure plasma discharges 
requires advanced diagnostic methods. Typically, these discharges expand only over 
a limited dimension with low spatial stability and fast dynamics. One common 
method to access the electron density is to evaluate the stark broadening of the 
hydrogen lines (e.g. α-line at 656.28 nm or β-line at 486.13 nm) [70–72]. Due to the 
presence of a high electric field in the vicinity induced by nearby charged particles, 
the emission line profile is broadened and the broadening width correlates with the 
electron density. The experimental challenge arises from the high spectral resolu-
tion required to resolve the line broadening considering the low electron densities. 
Furthermore, a certain hydrogen content is needed to observe the intended line.

Other optical techniques to determine the electron densities are based on evalua-
tion of the line ratio for argon discharges [73], on measuring the Thomson scattering 
[74] or on evaluating phase resolved imaging together with electrical parameters 
[75, 76]. All these methods have their own experimental challenges and need a 
sophisticated time before they can be applied to investigate the desired plasma 
source.

Beside the optical techniques, some atmospheric pressure plasma discharges 
were investigated towards electron density by electrical measurements [72] and sev-
eral models are applied, characterizing electron dynamics together with the effect 
on the plasma chemistry [77–82].

The measurement of the ions (positive and negative) in the discharge is not well 
documented and difficult to perform. Besides modeling results [82–86], mass spec-
trometry is applied with special and expensive devices [87, 88]. First results apply-
ing customized electrical diagnostics [89] are also published. The Pockels effect 
was successfully applied by few groups to quantify at least the impact of the ions 
onto a surface by successfully determining the surface charge densities (Figs 3.7 
and 3.8) [90–94]. And finally, by observing the emission signals via phase resolved 
optical emission spectroscopy, the temporal and spatial resolved trace of the ion 
movement is observed [95–99].

Aside from modeling results, no sophisticated access of ion densities is available 
so far and hence a quantification of the ions and their individual contribution is still 
an open topic. Additionally, the technological challenges remain to access these 
quantities.

3.4.3  Excited Species

In plasmas and especially in CAP, three body collisions are frequent and energy is 
distributed rapidly through the electrons into electronic, vibrational and rotational 
states of atoms and molecules. Furthermore, radicals are created by collisions and 
dissociation in the plasma and similarly excited into higher states. By applying opti-
cal emission spectroscopy, the existence of a few such species can be verified, but a 
previous excitation is required. The emission range depends on the applied equip-
ment. A quantification of species concentration is dependent on a complex accom-
panying theoretical model. Hence, for an absolute measurement of excited species, 
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additional methods are investigated in the physical research on CAP [100]. A brief 
overview of recent results on quantifying reactive species with different methods 
and the literature focusing on it will be presented here.

A wide-spread method to measure absolute species densities is absorption spec-
troscopy. In general, the absorbed light intensity after passing an absorbing medium 
is measured, whereas the Lambert-Beer law facilitates quantification (Fig.  3.8). 
Among the large variety of absorption techniques, the most frequently used setups 
are the laser absorption spectroscopy due to the high temporal and spectral flexibility 
although a spatial reproducibility is necessary. Absolut densities were acquired for 
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Fig. 3.7 (a–c) Distribution of charges over the discharge phase deposited onto the surface by a 
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(d) correlation of the temporal charge exchange with the electrical signals of the discharge [92]
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metastable argon atoms, metastable helium atoms and nitrogen oxide [84, 101–105]. 
Furthermore, infrared absorption, ultraviolet absorption and cavity ringdown spec-
troscopy were applied to measure absolute densities of nitric oxides, hydroxyl radi-
cals and ozone [106–110].

A spectroscopic method that uses the birefringent nature of an absorbing transi-
tion was applied recently to investigate atmospheric pressure plasma devices. By 
providing a broad band background emission at the absorbing transition and by 
combining it with an interferometer and a grating, the change of dispersion near the 
absorbing transition is observed. The spectral distance between each point of change 
in dispersion either side of the absorbing transition then correlates with the density 
of the respective level with

 
N

K

r f li
ik

=
p

l
D2

0 0
3  

(3.4)

with π as pi, K the setup constant, r0 the electron radii, fik the oscillator strength, λ0 
the wavelength of the absorbing transition and l the absorption length. This method 
is the so called “hook” method, which was successfully applied to measure the 
hydroxyl radical density in an atmospheric pressure plasma [111, 112].

Further advanced diagnostics are based on laser induced fluorescence (LIF) 
inside a defined space volume of the discharge. By evaluating the induced fluores-
cence and considering quenching effects, the absolute concentrations of hydroxyl 
radicals and atomic oxygen could be measured [109, 113–115]. Also Fourier trans-
formed infrared spectroscopy (FTIR) is utilized for quantification of gas phase spe-
cies like ozone or hydrogen peroxide. In liquids, electron paramagnetic resonance 
spectroscopy (EPR) was applied to detect hydroxyl radical and superoxide radical 
[66, 82, 100, 116]. Lastly, computational approaches on the basis of, e.g., particle- 
in- a-cell (PIC) or fluid models can be utilized to quantify excited species production 
in CAPs [82, 85].

3.4.4  Plasma Emission

Due to the intense investigations of plasma emission during the fluorescent lamp 
development, a broad variety of diagnostic methods and devices is available for the 
investigation and quantification of plasma emission. Also the database for identifi-
cation of species from atomic towards molecular is well established [117]. A 
detailed description of the most important quantification of emission in the UV 
range for medical purpose is given in Sect. 3.3.4. Other advanced diagnostics apply-
ing optical emission spectroscopy (OES) are discussed all through Sect. 3.4 for the 
identification, quantification or visualization of other active agents in cold atmo-
spheric plasmas.
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3.4.5  Plasma Temperatures

The plasma discharges at atmospheric pressure that are of interest for medical appli-
cation are generally cold (below 40  °C) and the measurement of the neutral gas 
temperature, so of the heat that is transferred to a treated surface, is described 
already in Sect. 3.3.2.

Here the focus will be on more detailed temperature description of the discharge 
to understand and control the plasma in an advanced fashion. It is important to note 
that CAP cannot be described by just one temperature. In order to describe this non- 
equilibrium phenomenon, the knowledge of the temperature of each species as well 
as their available degree of freedom is necessary. In simple terms, a distinction 
between electron temperature Te (or excitation temperature Text), ion temperature Ti 
(correlated with the vibrational temperature Tvib) and neutral species temperature Tg 
(correlated with the rotational temperature Trot) is applied. This correlation is only 
valid for CAP, as described in Sect. 2.3.1 (Fig. 2.5).

A first approach for an estimation of electron, ion or gas temperature alike is to 
apply the Boltzmann plot [118]. By measuring the spectral emission intensity for a 
respective transition (electronic, vibrational or rotational) and considering respec-
tive transition constants, the underlying Maxwellian energy distribution function is 
revealed and hence the respective temperature is resolved [71, 108, 118, 119]. Other 
possibilities to measure the temperature are by modeling, spectral line resolution 
and advanced techniques like the laser Schlieren deflectometry (LSD) [68, 82, 85, 
118, 120, 121].

3.4.6  Electromagnetic Field Strength

Measurement of the electromagnetic field strength is currently in the focus of inves-
tigations when characterizing CAP devices. The existence of the research field of 
electroporation alone motivates a further understanding of the electrical field com-
ponent within the plasma treatment [122, 123]. Here we will present the current 
approaches to distinguish the electrical field strength.

Meanwhile, commercial devices attract attention for measuring electrical field 
strength in CAPs [103, 124]. By utilizing the Pockels effect of a birefringent crystal 
and evaluating a shift in polarization, the electrical field strength is measured with a 
high temporal resolution. The Pockels effect is used by other groups as well [90, 92, 
93, 125, 126] and even for electrical field measurement [127]. However, the introduc-
tion of additional surfaces into the plasma region is an invasive method and can result 
in changes of the plasma characteristics like ignition voltage or spatial propagation 
[92]. Further approaches to acquire electrical field values base on advanced spectro-
scopic methods [98, 128] or on computational modeling (Fig. 3.9) [77, 82, 129].
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 Conclusion
When considering plasma medical research and further down the road  biomedical 
applications in clinical environments, the minimum requirement is the availabil-
ity of appropriate plasma devices. The INP Greifswald, the HAWK and the 
Fraunhofer IST in close collaboration with industrial partners each accompanied 
a device from the state of a “wired hedgehog” (pre-laboratory prototype state) 
towards a medical product class IIa. While many groups have developed 
 individual devices for basic research on medical effects, the modern research 
landscape barely finances the step in between basic research and commercial 
development towards a medical product. Hence we find that even at the stage of 
laboratory research stage, a general evaluation of safety aspects should be 
 performed in order to avoid overselling of the field before it is mature enough to 
meet the necessary challenges. A proposal for a minimal set of safety and 
 effectivity measurements is hence summarized in DIN SPEC 91315 [130].

After first successful investigations in  vitro and meanwhile in  vivo, the 
 application of CAP in medical research attracts a great deal of attention. One of 
the most important factors to raise the biomedical potential of CAP technology 
by bringing it into clinical routine is clinical evidence. Yet, up to now  randomized 
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controlled trials featuring significant sample sizes are sparse. It is therefore 
 desirable to force and intensify clinical trials in the future. The findings and 
experiences gained in these studies can not only provide a wider understanding 
for fundamental research, but also serve as essential input for the development of 
the next generation of CAP medical products.

With the present chapter, the authors aim to make the reader aware of the 
complexity of plasma components, the up to now identified effects they have and 
the approach to measure them. Cold atmospheric plasma contributes a cocktail 
of six agents to the biomedical application and is shown to be antimicrobial 
active over a wide range of bacteria, enhance proliferation of eukaryotic cells and 
even acts through liquid films by a chemical cascade of aqueous species genera-
tion. A set of clinical trials with medical plasma products proofs the operation to 
be effective and safe even over a long timeframe after plasma treatment.

In order to thoroughly understand the induced effects and to trace the desired 
cocktail composition, a complex characterization of the plasma device is neces-
sary. Such a characterization has two aims: first to verify the safety of operation 
of the device and second to measure the detailed composition of the plasma 
cocktail with an individual strategy. The safety considerations include handling 
of high voltage, thermal impact, patient leakage current, UV radiation and reac-
tive species production. Respective safety considerations are summarized and a 
measurement access is described.

Accessing all active plasma agents of a discharge requires a wide range of 
diagnostic tools, detailed knowledge of multiple physical measurement methods 
and a spatial and temporal stable discharge. Since these requirements are hardly 
manageable, each device is currently investigated by an individual selection of 
agents to follow up on. An overview of the common and promising future diag-
nostics is reviewed with respective literature references.

Most diagnostic methods for CAPs still require a deep understanding of the 
experimental setup. Therefore, the way for an overall characterization to allow 
the individual tuning of a plasma device is still ongoing. Until the time of a com-
plete diagnostic access, the plasma medical research will focus on finding tracers 
for plasma efficacy for single components rather than understanding the whole 
“cocktail”.
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Key Roles of Reactive Oxygen 
and Nitrogen Species

David B. Graves and Georg Bauer

4.1  Introduction

Biomedical aspects of cold atmospheric plasma (CAP) are known to generally 
include reactive oxygen and nitrogen species (RONS) as central players. Table 4.1 
lists some of the RONS (in aqueous solution) of interest in biomedical applications 
of CAP. Biologically active RONS are created in air-associated CAP and many of the 
species created in these plasmas will dissolve in aqueous liquid phases, and this 
includes biological tissues. Rationalizing the effects of RONS created by CAP and 
delivered to cells and tissue relies in part on the growing understanding of how natu-
rally-occurring RONS behave biologically. Reactive oxygen and nitrogen species 
generally react by exchanging electrons in a chemical process known as oxidation- 
reduction, or ‘redox’ reactions—and these reactions pervade biology. Study of bio-
logically important redox phenomena is sometimes referred to as ‘redox biology.’ In 
plants, redox reactions are involved when sunlight, CO2 and H2O are combined to 
create sugars (carbohydrates) and O2. In these reactions, electrons making up the 
C-O and H-O bonds are converted to C-H and O-O bonds: C and H have thereby 
been ‘reduced.’ This process is energetically ‘uphill,’ using the leaf- collected sun-
light’s photon energy to create the products. In aerobic cellular respiratory metabo-
lism, the reverse process takes place: carbohydrates and O2 are ultimately converted 
back into CO2 and H2O. In this latter redox process, electrons in the C-H bonds are 
converted to C-O and C-H bonds. The C and H in the carbohydrates are thereby 
‘oxidized’ by O2 to form products, releasing chemical energy to be used by the cells 
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for a variety of purposes, including building new cellular structures, making cellular 
repairs and conducting cellular defense, among others.

The importance and scope of redox biology is partly captured by the following 
recent observation [1]:

Looking at life from the perspective of electron flow may be one of the most universal and 
fundamental approaches to Biology. This is because all known life forms depend on elec-
trons that get stranded at the top of ‘energy hills,’ waiting to roll down the hill toward a 
low-energy resting place. This insight has been famously expressed in the words of Albert 
Szent-Gyorgyi: “Life is nothing but electrons looking for a place to rest” [2].

Redox biology connects cellular metabolism to many different cellular func-
tions, including cell stress response and immunity; cell cycle control; cell develop-
ment and differentiation; neuronal and vascular signaling; and other important 
functions. RONS created by CAP that are exposed to cells and tissue can certainly 
influence natural redox reactions, and this simple fact connects CAP and redox biol-
ogy. Redox biochemistry can strongly influence cellular homeostasis—the mainte-
nance of a near-constant set of cellular conditions in the face of constant 
environmental perturbations—that are necessary for health. In this way, CAP appli-
cation can be therapeutic—or potentially damaging [3].

In the last decade or so, redox biology has grown into a large and increasingly 
sophisticated field. Ideally, CAP researchers interested in understanding the likely 
effects of RONS in aerobic biological systems need to read and understand this lit-
erature. The size, scope, sophistication and rapid growth of the field combine to make 
this study challenging, however. One goal of this chapter is to set out the broad out-
lines of the field, thereby helping researchers identify some of the key directions that 
are at the forefront of the field of RONS used for cold atmospheric plasma in bio-
medical applications. Figure 4.1 illustrates some of the key questions currently fac-
ing redox biology. Redox biologists want to know which RONS are present at what 
concentrations and in what cellular locations. Proteins are known to be affected by 
RONS—especially those that contain cysteine amino acids (with S-H ‘thiol’ groups), 
but which proteins are most affected is not fully known. Lackmann et al. [4] have 

Table 4.1 CAP-generated 
(aqueous) species

Oxygen atoms (O)
Ozone (O3)
Superoxide anions/hydroperoxide (O2

.−/HO2)
Hydrogen peroxide (H2O2)
Hydroxyl radical (.OH)
Nitric oxide (.NO)
Nitrogen dioxide (.NO2)
Peroxynitrite/peroxynitrous acid (ONOO−/ONOOH)
Nitrite/nitrous acid (NO2

−/HNO2)
Nitrate/nitric acid (NO3

−/HNO3)
Singlet delta oxygen (1O2)
Hypochlorite/hypochlorous acid (OCl−/HOCl)
Dichloride anion radicals (Cl2

.−)
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shown that CAP (most likely through RONS) oxidizes sulfur- containing amino 
acids, but also may break disulfide bonds. Finally, the biological consequences—
physiological or pathological—of these protein oxidative modifications are not 
known, except for some specific examples. Barcellos-Hoff and Dix [5] showed that 
the activation of TGF-beta1 can be mediated by reactive oxygen species. This finding 
is especially intriguing, as one of the many controlling functions of TGF-beta1 is 
related to the control of NOX1 activity [6]. Kim et al. [7] showed that singlet oxygen 
inactivates catalase and SOD through interaction with histidine residues at their 
active site. This reaction is the basis for singlet oxygen-mediated abrogation of tumor 
cell-specific control of their own extracellular RONS [8].

4.2  Classic and Tutorial References on RONS and Oxidation/
Reduction Chemistry in Biology and Medicine

The multiple, complex biochemical effects of RONS have been seriously studied in 
biology and medicine for several decades at least. This short chapter cannot hope to 
summarize the entire field in any serious way, but it can at least identify some of the 
most important primary references and topics that a serious student can access to 
gain a deeper understanding of the field. Perhaps the single most influential book in 
this field (Free Radicals in Biology and Medicine) was originally published in 1985 
by Halliwell and Gutteridge [9]. The latest edition (5th edition) was published in 
2015 and a 6th edition is reportedly in preparation Nespolo [10]. The book does an 
admirable job of covering the field of reactive species, especially radicals, in bio-
logical systems with an eye towards the medical implications. The coverage is 
impressively broad and the authors make a serious attempt to make the book read-
able and useful to readers with a wide range of backgrounds, but the primary readers 
are assumed to be biologists and medical practitioners. Any serious researcher in the 

1 Redox conditions

2 Compartmentation

3 Redox changes in proteins

4 (Patho-)Physiological consequences

Which redox-active components are
present at which concentrations?

Where in the cell are which redox
conditions prevalent?

Which cysteine residues in which
proteins are modified at which conditions?

How are biological processes influenced
by thiol-based modifications?

Fig. 4.1 Some important questions currently facing redox biology (following [1])
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field of plasma medicine should have access to this book, preferably the latest edi-
tion. Halliwell published several other reviews over the years that summarize key 
ideas in a less formal way. These include the insightful papers entitled “Reactive 
species and antioxidants. Redox Biology is a Fundamental Theme of Aerobic Life,” 
[11] and “Free radicals and antioxidants: updating a personal review” [12].

One complementary treatise to Halliwell and Gutteridge’s book(s) is the classic 
review by Dröge: “Free Radicals in the Physiological Control of Cell Function” 
[13]. This paper is a relatively early attempt to summarize and categorize the redox 
effects of reactive species on cellular physiology. Dröge himself characterized the 
paper as a “...broad overview that summarizes the main principles of redox regula-
tion” that “...describes the current knowledge and paradigms...but does not discuss 
future research directions, historical controversies or experimental methods.”.

A useful and fairly complete tutorial of redox biochemistry is the book by 
I. Acworth, entitled “The Handbook of Redox Biochemistry” [14]. This reference 
situates itself more or less equally between chemistry and biology, with numerous 
helpful appendices on more specialized topics topics such as electrode potentials. 
Another, more recent tutorial reference is “Teaching the basics of redox biology to 
medical and graduate students: Oxidants, antioxidants and disease mechanisms,” by 
B. Kalyanaraman [15]. Finally, the tutorial Khan Academy videos, available free 
online, are helpful initial introductions to basic ideas (e.g. for cellular respiration or 
redox biology), at essentially a high school or beginning university level.

Outstanding state-of-the-art reviews on redox biology include the previously 
mentioned mini-review by Herrmann and Dick: “Redox biology on the rise” [1]; 
“The redox code” by Jones and Sies [16]; “Cellular mechanisms and physiological 
consequences of redox- dependent signalling” by Holmstrom and Finkel [17]; and 
“Redox interplay between mitochondria and peroxisomes,” by Lismont et al. [18].

The multifaceted set of roles of nitric oxide and its related compounds has 
prompted detailed study. Two of the many key papers on these compounds include 
[19] paper “Nitric oxide, superoxide, peroxynitrite: the good, the bad and the ugly.” 
Nitric oxide (NO) is produced enzymatically by the various isoforms of nitric oxide 
synthase. As NO readily passes through biological membranes, it may find its reac-
tion partner distant of the site of generation. Superoxide (O2

−) is also produced 
enzymatically with NADPH oxidase and other enzymes. If a molecule of O2

− is near 
a molecule of NO, they react rapidly to form peroxynitrite (ONOO−), a powerful 
and potentially damaging oxidizing agent. When peroxynitrite is generated close to 
membrane-associated protein pumps, the generation of peroxynitrous acid seems to 
be the favoured reaction [20]. Peroxynitrous acid spontaneously decomposes into 
NO2 and hydroxyl radicals that may attack the membrane. Distant from the cell 
membrane, the reaction between peroxynitrite and CO2 is favoured and leads to the 
formation of nitrosoperoxycarboxylate. This compound decomposes into NO2 and 
carbonate radicals. Another comprehensive review on NO is “Nitric Oxide and 
Peroxynitrite in Health and Disease” by Pacher et al., published in [21]. The latter 
publication covers the history of the recognition of the importance of RNS in redox 
biology. The direct connections between these RNS species and CAP are detailed in 
subsequent sections.
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Redox plant biology is admirably summarized in the 2009 review “Redox Regulation 
in Photosynthetic Organisms: Signaling, Acclimation and Practical Implications,” by 
Foyer and Noctor [22]. Torres’ [23] review “ROS in biotic interactions” emphasizes the 
role of reactive oxygen in the response of plants to pathogen attack.

4.3  The Role of RONS in Established Therapies:  
Cancer Therapy

The role of RONS, and especially ROS, in cancer initiation and progression has been 
a topic of intense debate for many years. The traditional view is that RONS are exclu-
sively detrimental with respect to cancer. There is, for example, considerable evidence 
that continued exposure to elevated levels of RONS can lead to oncogenic DNA muta-
tion. (e.g. [24]) Naturally, investigators thought of using antioxidants to prevent can-
cer occurrence and/or to treat existing tumors. However, multiple large scale clinical 
trials showed that antioxidants do not have the desired anti-cancer effects Gill et al. 
[24] summarize the current view in the literature in their conclusion:

ROS promote cancer initiation by promoting mutagenesis and perhaps by activating signal-
ing pathways that promote proliferation, survival, and stress resistance. However, ROS also 
limits cancer initiation and progression by causing oxidative stress that kills many cancer 
cells. For this reason, cancer cells depend on a variety of mechanisms to suppress ROS and 
to cope with oxidative stress. Antioxidants promote cancer initiation and progression in 
experimental mouse models as well as in clinical trials. Cancer may be more effectively 
treated with pro-oxidants that exacerbate the oxidative stress experienced by cancer cells or 
that prevent metabolic adaptations that confer oxidative stress resistance.

The situation is more complex than might be thought, however. For example, 
antioxidants like anthocyanidins have been shown to mediate a pro-oxidative effect 
selectively on tumor cells and cause their RONS-mediated apoptosis [25]. This 
apparent paradox is explained by the modulation of NO metabolism by the antioxi-
dant, resulting finally in the generation of singlet oxygen and subsequent release of 
RONS from catalase-mediated control. It has been suggested that the antioxidant 
nature of anthocyanidins, i.e. their potential to donate electrons, interferes with the 
activity of NO dioxygenase [26].

Many groups have made similar points regarding the generally anti-tumor effects 
of pro-oxidant compounds, including Trachootham et al. [27, 28]; Schumaker [29, 
30] and Gorrini et al. [31] among numerous others. Gorrini et al. [31] list over 20 
treatments and drugs that either directly or indirectly act to therapeutically increase 
RONS levels in cancer treatment.

One of the most important cancer therapies is the use of ionizing radiation—
either photons or energetic particles—that will both directly cause DNA double 
strand breaks and will also indirectly kill cells by creating radicals such as OH from 
interactions with cellular water. The indirect radical generation approach is thought 
to be responsible for more than half of the effects of ionizing radiation Baskar et al. 
[32]. The mechanisms by which radiation-generated radicals affect cells are there-
fore potentially relevant to CAP-generated RONS.
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A relatively early paper highlighting the role of reactive oxygen and nitrogen in 
radiation biology and therapy was published by Mikkelson and Wardman, entitled 
“Biological chemistry of reactive oxygen and nitrogen and radiation induced signal 
transduction mechanisms” [33]. In this paper, the connection between the initial 
ionization events in cells exposed to therapeutic doses of ionizing radiation and 
subsequent creation of RONS that act as signaling agents, is emphasized. Ward had 
pointed out previously [34] that relatively few primary ionization events in cells 
exposed to therapeutic doses of radiation somehow result in a “...rapid and robust 
activation of cellular signal transduction pathways.” It appears that RONS released 
in the initial burst of radiation are rapidly amplified by cellular cytoplasmic 
responses. RONS signaling must involve two steps in series, these authors con-
cluded. Highly reactive oxygen species such as OH radicals, created following the 
initial cellular radiation, result in the generation of RONS as the actual “...effector/
activators of the redox-dependent cellular signal transduction pathway.” In line with 
these concepts, Temme and Bauer showed that low doses of gamma irradiation trig-
gered a TGF-beta1-mediated bystander effect that resulted in substantial increase in 
NOX1-derived extracellular superoxide anions [6].

We would not necessarily expect CAP to behave exactly the same way as ioniz-
ing radiation in its effects on cells, if for no other reason than CAP acts primarily on 
the surface of tissue whereas radiation penetrates deeply into tissues. However, the 
fact that any non-superficial effects of CAP must be translated some distance into 
tissue suggests that an analogous signaling mechanism is likely to be involved. An 
important corollary of cell signaling induced by radiation is the so-called ‘bystander 
effect’ in which non-exposed cells near exposed cells experience the same or similar 
effects as directly exposed cells. A more general term for the cell-to-cell communi-
cation that can take place following ionizing radiation exposure is ‘non-targeted 
effects’ (NTE). Mavragani et  al. [35] summarize current ideas about these pro-
cesses. These authors note that oxidative mechanisms seem to be among the most 
important stressors inducing NTE.  This topic is closely related to CAP-induced 
immune stimulation, a topic addressed later in this and subsequent chapters.

An alternative theory for CAP-dependent RONS signal transduction in cancer 
treatment has been recently proposed by Bauer and Graves [8] and Bauer [26, 36, 
37]. These ideas focus on the notion of intercellular signaling rather than emphasiz-
ing intracellular phenomena. An important specie in these models of CAP in cancer 
treatment is the singlet delta oxygen molecule (1O2). It is known that this specie can 
be created in the gas phase by CAP, but it is less well known that it can be created by 
secondary aqueous phase reactions as well, starting with species that are well known 
to be created in CAP. This is summarized in a set of reactions listed in Table 4.2 and 
illustrated schematically in Fig. 4.2. Bauer [26, 36, 37] describes how these ideas are 
consistent with other recent CAP anti-cancer mechanisms. For example, Yan et al. 
(2016) [38] emphasize the role of cellular H2O2  generated following CAP exposure. 
Lin et al. (2016) [39] show evidence that CAP stimulates immune responses.

In addition to radiation-induced RONS anti-cancer activity, photodynamic ther-
apy (PDT) is known to act through generation of reactive species. In PDT, a tumor- 
localizing photosensitizer compound is either systemically or locally given to the 
patient. The photosensitizer is then activated by exposure to red light, creating an 
electronically excited state that converts tissue-present ground state triplet O2 to an 
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Table 4.2 Aqueous 
reactions related to 1O2 
from CAP-generated 
species in solution 
(following [8, 36])

H2O2 + ONOO− → 1O2 + H2O + NO2
− (direct interaction suggested 

by Di Mascio et al. [53]
Alternative mechanistic explanation # 1 ([8]):
ONOO− + H + → ONOOH
ONOOH → .NO2 + .OH
.OH + H2O2 → HO2

. + H2O
HO2

. + O2
. − + H+ → H2O2 + 1O2

2 HO2
. → H2O2 + 1O2

Alternative mechanistic explanation # 2 ([26]):
ONOO− + H + → ONOOH
ONOOH → .NO2 + .OH
.OH + H2O2 → HO2

. + H2O
 HO2

. + .NO2 →  O2NOOH (peroxynitric acid)
O2NOOH → O2NOO− + H + (peroxynitrate)
O2NOO− → NO2

− + 1O2 ( 50%)
O2NOO− → .NO2 + O2

. −  ( 50%)
Consumption of peroxynitrite by CO2:
ONOO − + CO2 → ONOOCOO −

ONOOCOO − → .NO2 + CO3
. −
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Fig. 4.2 Summary of proposed model of CAP-generated 1O2 leading to tumor cell apoptosis. Tumor 
cells create excess superoxide (O2

−) in the vicinity of the cell membrane via enzyme NADPH oxidase 
(NOX1). Local O2

− can lead to tumor cell apoptosis either by forming peroxynitrite (via NO reaction) 
and/or hypochlorous acid via reaction with H2O2. The two major intercellular signalling processes 
involve ONOOH and HOCl that in turn lead to OH radical, but membrane-bound catalase (CAT) will 
abrogate this signalling. In order to selectively remove tumor cells, CAP must selectively eliminate 
CAT. Singlet delta 1O2 is proposed to selectively inactivate membrane-bound catalase (CAT), leading 
ultimately to lipid peroxidation (LPO) and tumor cell apoptosis. This process is self-perpetuating, 
creating a wave of apoptotic tumor cells, as 1O2 moves to adjacent cells and repeats the process (fol-
lowing [8]). The generation of 1O2 through the interaction between H2O2 and peroxynitrite is more 
complex than the simplified direct interaction in the graph. This aspect is discussed in Bauer [26, 36]
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excited state singlet delta 1O2 (SDO). This ROS then reacts with various biomole-
cules in the adjacent tumor, inducing apoptotic or necrotic tumor cell death. It can 
also act against tumor vasculature and induce an immune response Dolmans et al. 
[40]. Although less well known and less widely used than radiation therapy, the 
modern use of PDT was developed for various therapeutic applications (e.g. for 
cancer and macular degeneration), starting in the 1970s [40].

CAP-mediated antitumor effects through singlet oxygen [8, 36] and PDT differ 
in the primary site of singlet oxygen action. Whereas CAP-derived singlet oxygen 
targets the control system of tumor cells on the outside of their membrane, singlet 
oxygen generation during PTD occurs intracellularly. Model experiments by 
Riethmüller et  al. [41] have shown that intracellular singlet oxygen induces cell 
death in malignant and nonmalignant cells, whereas extracellular singlet oxygen 
causes a selective effect in malignant cells. Therefore, selectivity of PDT has to be 
achieved through enrichment of the photosensitizer in the tumor and site-specific 
illumination of the tumor to activate singlet oxygen generation, whereas CAP- 
derived singlet oxygen shows selective antitumor action per se, with an auto- 
amplificatory potential [8].

4.4  Nitric Oxide and Related Compounds

The fact that CAP can generate significant quantities of nitric oxide (NO) and 
related compounds such as NO2, could be important in therapeutic applications of 
CAP [42]. NO is one of the few gaseous molecules that have been directly applied 
to tissue for proven therapeutic purposes. NO gas is currently used for delivery into 
the lungs of neonatal babies with pulmonary hypertension and severe hypoxic respi-
ratory failure, although it is still considered experimental. NO acts as a pulmonary 
vasodilator in this application and has been used for adult respiratory distress syn-
drome as well as chronic obstructive pulmonary disease, although efficacy is not 
well established. Another area of intense investigation in the previous several 
decades is the use of NO donor drugs [43]. NO has also been extensively studied for 
its anti-cancer use. It has been identified as a compound that re-establish radiation- 
and chemotherapeutic-sensitivity to tumors [44].

The concentration of NO can be dramatically lowered through oxidation by com-
pound I of catalase—a process that seems to take place at the surface of tumor cells. 
However, above a critical level, NO may turn the tables and inhibit catalase, thus 
opening novel RONS pathways [20, 26]. A related topic is the therapeutic use of 
aqueous nitrite (NO2

−), a compound that has been widely observed in water adjacent 
to CAP in air (e.g. [45]). This water is sometimes referred to as ‘plasma-activated 
water,’ or PAW. In addition, H2O2 is commonly observed in PAW, and it has been 
shown that the well-known reaction between H2O2 and NO2

− under low pH condi-
tions to form ONOO−, a well-known biologically active molecule, as noted above 
[46]. Nitrite has been widely investigated for its ability to act, in part, as a source of 
biologically active nitric oxide (e.g. [47]). It also was suggested that peroxynitrite 
formed through the interaction between nitrite and H2O2 might interact with 
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residual H2O2 and thus lead to the generation of singlet oxygen [37]. Though the 
concentration of singlet oxygen generated in this way can be expected to be rela-
tively low, its specific interaction with tumor cells, leading to the generation of cell-
derived extracellular singlet oxygen might cause sensitization of the tumor cells for 
RONS- mediated apoptosis induction.

4.5  Possible Mechanistic Models of RONS-Based  
CAP Therapies

One key concept regarding RONS-based therapies is that they can act only, or at 
least primarily, as triggers to longer time- and length-scale biological responses. 
This reasoning mimics that of Mikkelson and Wardman when they postulate highly 
reactive ionizing radiation-induced ROS (e.g. OH radicals) as the initiating factor in 
cellular signaling, but more stable RNS as the effectors of the cell signaling pro-
cesses that lead to therapeutic effects. RONS that result from reactions following the 
biological creation of O2

− (e.g. by the enzyme NADPH oxidase, abbreviated NOX1) 
and NO (by enzyme nitric oxide synthase, abbreviated NOS) are illustrated in 
Fig. 4.3 [33].

RONS are applied at surfaces and have relatively short lifetimes. Any effect that 
occurs deeper in tissue must come from the biological responses of the system in its 
attempt to maintain homeostasis. This mechanistic argument is consistent with the 
knowledge that cells respond to stress by communicating to nearby cells. Stressed 
cells are also known to react by adapting or dying—they either become ‘hardened’ to 
additional stresses or they undergo some cell death process (e.g. apoptosis, necrosis, 
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Fig. 4.3 Main reactions following creation of O2
− and NO in biological systems. Superoxide and 

nitric oxide are also present in aqueous samples exposed to CAP (see Table 4.1), and it is expected 
that many of the illustrated reactions will also occur even in the absence of biologically created 
RONS (following [33])
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autophagy, or some combination). Tissue has a way to engage in ‘bystander signaling’ 
or the ‘bystander effect.’ One example of cell adaptation to stress is physical exercise. 
Exercise is known to generate oxidative stress, but if the stress is not excessive, cells 
can adapt and become stronger. This is an example of the concept of ‘hormesis’ in 
which cells either adapt at relatively low levels of the applied stress or die if the stress 
becomes too great (e.g. [48]). One way to think of CAP and RONS- based therapies is 
to first recognize that cells normally respond to RONS signaling in their endogenous 
stress response. Thus a short (~1 min) CAP exposure to tissue might be similar in 
effect to an innate immune system oxidative (or respiratory) burst. In effect, the CAP 
treatment mimics an immune response to tissue damage, wounds or infection. This 
could initiate a natural healing response. This idea—modeling CAP therapy as an 
oxy-nitroso shielding burst—was previously described in detail [49].

4.6  CAP-Generated RONS and Immune Response

It is known that many different physico-chemical treatment protocols can stimulate 
immunogenic cell death (ICD) and a corresponding adaptive immune response. 
Methods that have been reported to be capable of stimulating an adaptive immune 
response include ionizing radiation, ultraviolet C light, photodynamic therapy, high 
hydrostatic pressure, hyperthermia and electrochemotherapy [50, 51]. CAP is 
reported to also have this capability and it is likely that CAP-generated RONS play 
some role in the triggering of ICD [39, 52]. As noted in Chap. 16, CAP can induce 
immunogenic cell death, with an accompanying T cell response at positions far 
from the site of CAP treatment. Bauer [36] describes in detail a model that couples 
what is known or suspected about inactivation of tumor membrane resident catalase, 
generation of secondary singlet oxygen, intercellular RONS signaling, H2O2/aqua-
porin mediated effects, and immune cell stimulation.
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5Safety Aspects of Non-Thermal Plasmas

Kristian Wende, Anke Schmidt, and Sander Bekeschus

5.1  Preface

Non-thermal plasmas potentially pose a number of chemical and physical threats 
of different levels to the human or animal organism. In order to increase safety 
and acceptance of this novel treatment strategy, they need to be addressed as 
broad as possible. Clearly, the risk potential is predetermined by the design of the 
plasma source and its operation strategy, e.g. if we compare a jet based source 
and volume dielectric barrier discharge, two source varying largely in electrode 
design and electrical powering. This and the working gas composition (e.g. 
ambient air, noble gases), the size of the active plasma zone and its position in 
the system all affect the reactive species and radiation output, and with that the 
potential impact created by the plasma. In addition, the intended application field 
influences the risk management: a plasma source intended for surface refinement 
of an implant and source to be used in the oral cavity will need to be treated dif-
ferently. Further the assumed operator, e.g. a health care professional on one 
hand, a consumer or an engineer on the other, calls for a differentiated evalua-
tion. Finally, the developmental stage of the plasma source affects the risk poten-
tial and must be considered.
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5.2  Potential Physical Hazards of Non-Thermal Plasmas

Non-thermal atmospheric pressure plasmas, or cold plasmas, are multi-component 
gas-like systems. Upon energy input, a number of atoms or molecules of a gas are 
dissociated. The resulting excited or ionized gas particles (either atoms or mole-
cules, depending on the gas) on one side and the free electrons on the other side 
may subsequently trigger further physicochemical reactions. In a cold plasma, the 
percentage of dissociated particles is low, and the discharge is not self-sustain-
ing—permanent energy input is necessary (non-equilibrium plasmas). Therefore, 
we have a small amount of fast (energy-rich) electrons, ions or excited states within 
a dominant background of unaltered gas particles. With that, the energy of most 
particles is very low. Interspersed energy rich, fast particles (=hot) increase the 
mean energy only a little—so cold plasmas for biomedical applications are typi-
cally cool to the touch. However, not completely ionized gases are by definition 
cold plasmas, and temperatures can be as high as 10,000°K. Alongside with ther-
mal energy, plasmas also emit energy at other wavelength of the electromagnetic 
spectrum. Especially excited states (=gas particles which absorbed energy, e.g. by 
being hit by an electron) can return to the ground state by emitting a photon. These 
photons are representatives for the plasma they have been created in and can be 
used for diagnostic purposes as number and wavelength differ with the plasma 
source. Especially photons belonging to the ultraviolet region of the light 
(Vacuum-UV, UV-C, UV-B, UV-A) contain enough energy to interact with biomol-
ecules and needs to be taken into consideration for the risk assessment. In addition, 
electrical currents and electrical fields can be emitted by the plasma if electrode 
geometry and source design permits. This type of energy emission is least investi-
gated, and due to the comparable low capability to interact with biomolecules, is 
assumed to play a smaller role.

Finally, beside the physical forms of energy emission, also chemical energy is 
spilling from cold plasmas (see Sect. 5.3 “Potential chemical hazards of non- thermal 
plasmas”). This and the interconnection of the described energy emission processes 
of a plasma make selective experimental approaches to substantiate or to reject the 
risk of a single entity very complex. Accordingly, experiments performed to assess 
the safety of medical plasma applications usually use a holistic approach.

5.2.1  Emission of Thermal Energy

Non-thermal plasmas for biomedical applications should be cool or cold to the 
touch in order to avoid thermal damage to the tissue (hyperthermia). This may 
occur, if the temperature exceeds 43 ° C. The damage relates to the thermal dose a 
tissue receives according to

 CEM DtR T
43

43= -( ) ,  

where CEM43 is the cumulative equivalent minutes at 43 °C, T the average tempera-
ture during the time interval tm, and R is a constant equal to 0.25 for T < 43 °C and 
0.5 for T > 43 °C [1]. Local hyperthermia results in changes to the cell membrane 
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and molecular structures, edema formation, time-dependent cell death (necrosis, 
apoptosis) and devitalization. Higher temperatures can cause protein and collagen 
denaturation as well as membrane destruction up to evaporation of cell liquid. For 
full human skin it has been shown, that 48 °C for 2 s results in no damage, and 6 s 
at 59 °C just starts to create a blister [2]. In contrast, when looking at the single cell 
level of in vitro experiments, cell necrosis can be observed for all temperatures 
above 42 °C [2].

All modern cold plasma sources are engineered to avoid excessive temperatures. 
For the argon jet kINPen09 several works related to this topic have been published 
[3–5] (Fig. 5.1).

While the effluent temperature may reach up to 62 °C [5], the temperature at 
9–12 mm (=  treatment distance) is just below to above 40 °C, depending on the 
power. Any thermal damage of the skin can be disregarded assuming a typical 
brush-type treatment regimen with a velocity of about 10 mm/s [3]. This result has 
been reproduced with the kINPen Med, which was optimized for medical applica-
tions (lower patient leakage current), and no damage could be found even for slower 
that typical treatment velocities (6–8 mm/s) using intravital confocal microscopy 
[4]. Several case studies in humans using various plasma sources did not observe 
any deterioration due to thermal effects [6–8]. In mice, using a dielectric barrier gun 
discharge, no thermal lesion were observed for up to 15 min treatment [9]. In recent 
wound healing studies in mice no thermal damage to the wound bed, or the intact 
epithelium around it have been observed for treatment times of up to 20 s for small 
wound areas about 3 mm2 [10]. Similar results have been obtained for the SteriPlas 
[7, 11] and the PlasmaDerm [12].
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Fig. 5.1 Thermal profile 
of the kINPen 09 using 3 
standard liter/minute (slm) 
of argon gas flow [5]

In summary:
In approved plasma sources, thermal damage can be disregarded if recom-
mendations for the application are followed.
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5.2.2  Emission of Ultraviolet Radiation

Depending on geometric factors, energy input, electrode configuration, and work-
ing gas composition plasmas emit light of various wavelength [13, 14]. The sum 
intensity may reach relevant levels, especially in small and condensed geometries, 
like in jet-type plasma sources [15, 16].

Ultraviolet radiation is an interesting facet of light due to its ability to interact 
with biomolecules. Depending on the wavelength (vacuum UV 100–200 nm, UVC 
201–280 nm, UVB 281–315 nm, UVA 316–400 nm), photon energies lie between 
12.4 eV or 1200 kJ mol−1 (100 nm) and 3.1 eV or 300 kJ mol−1 (400 nm). Accordingly, 
the fission of chemical bonds is possible: many single bonds in organic molecules 
have bond energies starting from 305  kJ mol−1 (C-N) and 347  kJ mol−1 (C-C)1. 
Such, photochemical processes can be triggered, especially with large, heteroatom- 
rich biomolecules like proteins or DNA [17]. The penetration depth in biological 
systems correlates inversely with energy: light below 200 nm is absorbed by the 
ambient atmosphere and cannot penetrate water. UVC is blocked by ozone and 
oxygen but can penetrate water. UVB and UVA are only reduced, not blocked by the 
components of the atmosphere, especially ozone. In skin, some UVB can penetrate 
into the intact dermis whereas UVA penetrates even better and deeper. The highly 
energetic UVC is blocked, e.g. by urocaninic acid [18]. With damaged skin, situa-
tion changes. The keratohyalin forming the stratum corneum is missing, as is the 
coat of natural sun screens (e.g. urocaninic acid), increasing potentially the sensitiv-
ity towards UV light. Excessive UV radiation leads to erythema, early skin aging, 
and melanoma [19]. This is triggered by photoreaction with the DNA of sufficiently 
superficial cells, leading to dimerization of nucleotides (CPD, cyclobutane pyrimi-
dine dimers or pyrimidine-(6–4)-pyrimidone dimers) or oxidation (8- oxoguanine) 
[17]. As a result, DNA damage repair of the cells is finally overridden and dermal 
fibroblast cells undergo senescence (UVA-related) or melanoma cells transform into 
cancer cells (UVB-driven) [20]. However, UV radiation is also a valuable medical 
tool and is used, typically in combination with sensitizers in the concept of photo-
dynamic therapy (PDT), for the treatment of vitiligo [21, 22], psoriasis [23], and 
cancer [24, 25].

In plasma medicine, two contradictory concepts significantly influencing the 
impact of UV from the plasma source are used: direct treatment and indirect treat-
ment [26–28]. In indirect treatment, interaction of the radiation with cellular DNA 
is shunned. Instead, photoproducts of the treated transfer liquid may occur, e.g. 
atomic hydrogen and hydroxyl radicals from water photolysis [29, 30]. Due to their 
short live time, it is unlikely that they will play a role in the clinical effects observ-
able, even when reacting with dissolved oxygen O2 forming hydroperoxide (H2O2). 
Alternatively, photochemical processes may modify organic components of com-
plex liquids like cell culture medium, but information is scarce [31]. In contrast, 
direct plasma treatment of skin or cancer lesions can be performed and is the 

1 https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Chemical_Bonding/
Fundamentals_of_Chemical_Bonding/Bond_Energies.
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mode of choice for many surgical clinicians [32]. Here, UV radiation may attribute 
to the effectivity. However, total photon fluxes are limited. It has been shown for 
the helium COST jet (e.g. Bochum) that the plasma generated UV light diminished 
the growth of microorganisms, but the combination of UV and plasma generated 
chemical entities was much more effective [15]. For the kINPen, a UV radiation 
in the UVB-range of 0.35 Weff m−2 was measured [5]. Hence, if a one cm2 areal is 
treated for the maximal recommend 60 s, only one Jeff m−2 UV is delivered which is 
well below the ICNIRP2 recommendations (30 Jeff m−2). A possible transmission of 
vacuum UV along with the noble gas flow axis can be neglected as it is immediately 
quenched by oxygen or traces of water. Accordingly, observed clinical effects are 
mainly attributed to plasma generated reactive oxygen (ROS) and nitrogen species 
(RNS). Dielectric barrier discharges running in ambient atmosphere usually emit 
only very low fluxes of photons, limiting the impact of UV light on their in vitro and 
in vivo effectivity. A DBD (Cinogy GmbH) was found to produce 0.016 Weff m−2 UV 
light [33]. However, UV emission of DBD can be increased under special conditions, 
e.g. by using a N2-N2O atmosphere [34] or cascade of DBDs [35]. Photon fluxes are 
orders of magnitude higher in low pressure plasmas, especially if designed as light 
source [36]. Such devices must be considered separately, as here the impact of UV 
may dominate the observable effects/efficacies [37].

5.2.3  Electrical Currents and Electrical Fields

Most plasma sources for biomedical application are powered by electricity. 
Depending on the type of discharge (plasma jet, dielectric barrier discharge, etc.), 
the electrode design and position, the driving frequencies of the electrical current, 
the general power deposition, electrical currents and electrical fields must be taken 
into account.

Plasmas, as ionized gases, possess free charge carriers like electrons and gas ions 
that allow electrical currents to be transported. This phenomenon is exploited in 
technical applications of plasmas, e.g. welding of metals (“light arcs”) [38], or 
switching of very high electrical currents [39]. In plasmas for biomedical research 
or medical application, currents are orders of magnitude lower. However, as long a 
non-thermal plasma is used in direct mode, touching the treated surface (e.g. skin), 

2 http://www.icnirp.org/en/frequencies/uv/index.html.

In summary:
Non-thermal plasmas can produce UV light if geometry and electrode con-
figuration allow, with jets emitting usually higher photon fluxes than DBDs. 
Accordingly, UV radiation must be taken into account, both, for plasma 
source risk assessment and clinical effectivity. UVB and UVA dominate short 
wave UV light. As far as information is available, overall safety impact of UV 
light is limited.
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a low current flowing into it cannot be avoided. This is especially true if a plasma 
source is designed in a way that the skin (or the treated object) acts as counter elec-
trode (e.g. floating electrical barrier discharge). Additionally, jet plasma sources 
featuring a central electrode (surrounded by a dielectric barrier such as a kINPen 
jet) are prone to allow electrical currents to be dissipated to the treated object. 
Depending on distance between nozzle and object and its conductivity, the material 
acts as a second counter electrode, and allowing electrical currents to flow through 
the body. In compliance with the German Medicinal Devices Act, the IEC 60601, 
and the DIN SPEC 91315 [40], the patient leakage current must be limited to 
100 μA to avoid electrical hazards [41]. Accordingly, the kINPen MED (Neoplas 
GmbH, Greifswald) has been specifically designed to meet this criterion, e.g. by 
reducing the plasma-on-time. Similar measures have been taken for the other two 
plasma sources which are currently recognized to be medical products in Germany 
(Cynogy GmbH, and Adtec Ltd.) and for experimental plasma sources [42].

In all plasma sources, charged particles move in space and electrical potentials on 
powered or counter electrodes change with time. Thereby, electrical fields arise and 
depending on the source design (e.g. presence of a Faraday shielding, dimension, and 
orientation of the electrodes), these fields can protrude into the ambient and potentially 
interact with living matter [43–45]. Strong, pulsed electric fields interact with polarized 
entities like cell membranes, potentiallyup to their breakage and the formation of pores 
[46–48]. If the electric fields created by non-thermal plasma sources are high enough 
to trigger biological effects such as pore formation is still under debate [49, 50]. Initial 
results indicate that a certain impact on cell performance, e.g. growth characteristics, 
cannot be neglected [51–53]. So far, no adverse effects have been attributed to electri-
cal fields. Accordingly, this facet of plasmas needs future vigilance. In the meantime, 
readers are directed towards the large research field of pulsed electric fields.

5.3  Potential Chemical Hazards of Non-Thermal Plasmas

Beside thermal energy, fields, and radiation, plasmas also emit chemical energy. 
This form of energy is very diverse, and mainly characterized by the ability of a 
particle (the reactant) to react with another. This can happen either within the plasma 
core, the plasma effluent or whatever the plasma has contact to, forming a new 
chemical bond or changing the excitation state of the counterpart. Many of the 
 particles created in a plasma are very reactive, and they are typically short lived, 

In summary:
The patient leakage current created by plasma sources may pose a possible 
threat. Modern devices, which are approved as medical products, are designed 
to comply with regulations. The electrical properties of some plasmas sources 
allow the protrusion of electric fields into the treated tissue. While no adverse 
effects are reported, these fields may contribute to the clinical effects.
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they exist only during the plasma is ignited or briefly longer. Here, many of the 
well-known reactive oxygen and reactive nitrogen species belong to (ROS/RNS). 
They are created in the plasma, e.g. by the interaction of an electron or an excited 
particle with a gas particle, allowing a huge variety of small chemicals to be present 
in a time and location dependent manner. Additionally, gas phase reactions of the 
plasma may also lead to etching of components used for the plasma source, releas-
ing potentially toxic compounds. Moreover, the working gases and stable gases 
created in the plasma and being released into the effluent can be toxic.

5.3.1  Impact of the Plasma Source Material

Typically, non-thermal plasma sources are designed from various materials. In con-
tact with the active plasma core mainly inert materials are used: noble metals or 
alloys for the electrodes and mineral solids (glass, quartz, ceramics) as construction 
material and dielectric, respectively [54]. For these substances, no etching or corro-
sion has been observed and their usage in non-thermal plasma sources for clinical 
applications can be regarded as safe [55].

However, in modern, bendable plasma sources polymers may be an options due 
to their enormous flexibility [56, 57]. This is a trend, which also poses a threat and 
therefore should be subject to vigilance. Polymers are organic materials, typically 
involving carbon-carbon (C-C, C=C), carbon-oxygen (C-O, C=O), carbon-fluorine 
(C-F), and carbon-hydrogen (C-H) single or double bonds. Each of these bonds 
may be attacked by components of the active plasma core and even the effluent, 
leading to etching processes, and finally, to the loss of the polymeric material. In 
result, organic material will appear in the effluent, and, ultimately, in or at the 
plasma treated (biological) matter. Depending on the structure and composition of 
the polymer, these compounds can be potentially toxic. Especially fluorine con-
taining polymers like polytetrafluoroethylene (PTFE, Teflon), polyvinylidene fluo-
ride (PVDF), polyvinylfluoride (PVF) and many others. PTFE shows an excellent 
thermal stability, attributed to (1) the high carbon-fluorine bond strength (487 kJ/
mole in CF4 compared with 418  kJ/mole for C-H bonds in CH4 and to (2) the 
shielding effect that the highly electronegative fluorine atoms have on the carbon 
backbone [58]. So far, no inadvertent corrosion of PTFE has been reported for non-
thermal plasma sources composed of this material. In contrast, observations have 
been made that PVDF, although having excellent and desirable insulating proper-
ties, is not inert towards non-thermal plasmas. A strong leeching of fluorine (as 
F− ions) was detected in non- negliglible amounts in liquids treated with the respec-
tive plasma source (Fig. 5.2). While an essential micro nutrient, higher amounts of 
fluoride are toxic to the gastrointestinal tract and disturb bone formation [59, 60]. 
The exact mechanism of the PVDF corrosion has not been investigated, but is has 
been reported that PVDF when heated above 180 °C suffer from chain stripping 
reactions, leading to a massive production of hydrogen fluoride (HF) and residual 
C=C double bonds at the polymer backbone [61, 62]. Polyvinylchloride (PVC) 
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shows the same chemistry, yet the evolving chloride ion (Cl−) is far less toxic [61]. 
In contrast, PTFE cannot undergo an identical reaction as the polymer is virtually 
free of hydrogen, rendering it more stable.

Other materials, e.g. polyether ether ketone (PEEK), contain only carbon, 
oxygen, and hydrogen, rendering them more biocompatible. PEEK shows an 
excellent thermal resilience (up 575  °C), making it a suitable candidate for 
non-thermal plasma sources. However, the compound contains unsaturated 
aromatic structures, which can be attacked by electrophiles or reactive radicals 
from the plasma. In the combination of heat and chemical entities, chain scis-
sion chemistry occurs, yielding aromatic alcohols and ethers with unknown 
biological properties [63]. Yet, only low etching rates have been reported, mak-
ing PEEK a reasonable alternative to the fluoride polymers [64, 65]. For other 
polymers, e.g. polyethylene (PE), polypropylene (PP), polystryrene (PS) 
plasma etching was observed. Moreover, it is used to render the surface proper-
ties to facilitate technical applications (PS, PP) or biocompatibility (PS) [56, 
66–68].

Further research will substantiate or disperse the concerns touched here in brief.

In summary:
Metals, ceramics, or mineral compounds are well suited materials for medical 
plasma sources and can be regarded as safe. In contrast, polymers, especially 
if they contain fluorine, need substantial consideration when designing a 
plasma source. Stability of the material under the intended working parame-
ters must be observed. A release of toxic fluorine (as HF) must be avoided. 
PTFE seems to be sufficiently inert.
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5.3.2  Impact of the Working Gas or Gases Emitted by  
Non-Thermal Plasma

For physical and engineering reasons (homogeneity of the discharge, temperature, etc.), 
plasma jets frequently use non-toxic noble gases like helium (He), argon (Ar), or 
neon (Ne) as bulk gas. For tuning of plasmas, small additions of more reactive gases 
or liquids (oxygen, nitrogen, water) are used. Gases of highest purity available and/
or (if possible) of medical grade are advisable [69, 70]. All components within the 
gas will otherwise also be carried to the treated area and cause intoxications or 
adverse effects. The noble gases itself are no matter of toxicological concern in exter-
nal applications of plasma as they do not form chemical products stable under the 
ambient conditions [71, 72]. Their ions or active states only occur in the active 
plasma core or parts of the effluent, and they are immediately quenched upon contact 
with air or biological matter. However, when using endoscopic plasma sources, con-
sideration must be given to the removal of the inert noble gas from the cavity treated. 
Because of the weak solubility in water, noble gases are a potential risk [73, 74].

Beside the working gas, also gases produced by the discharge may accumulate. 
Among the gases investigated most are ozone (O3) and nitric oxide (NO). NO is a 
strong vasodilator, and at concentrations above 2500  ppm acutely fatal (in mice 
12 min).3 The maximum permanently tolerable concentration is 0.5 ppm (MAK value). 
Current plasma sources for medical application do not create large amounts of the gas 
as its generation is endothermal and needs higher temperatures. In an argon radio fre-
quency jet, up to 40 ppm NO were detected at the nozzle using laser induced fluores-
cence. However, values dropped to zero at 25 mm distance [75]. The kINPen is even 
colder, and NO formation is lower by factor 10 [76]. Ozone is a pale blue gas with a 
pungent smell. According to the NIOSH, 0.1 ppm is acceptable, which is also the odour 
threshold (100 ppb). In the EU, directive 2002/3/EG 0.055 ppm are listed as accept-
able. Ozone is relatively stable and poorly soluble in aquaeous liquids. Plasma sources, 
especially DBDs, operating in contact with ambient air or contain oxygen in the work-
ing gas can produce significant amounts [77, 78]. For the kINPen, 0.10 ppm to 0.13 ppm 
were detected in close vicinity (< 10 cm), at 30 cm distance values were below 0.1 ppm 
[79]. Because of short treatment times (max. 60 s), no direct danger is assumed for this 
plasma source. However, smell might be an undesired side effect. Ozone is hard to 
remove from the plasma generated species mixture, so information on O3 contribution 
to in vitro or in vivo effects of plasmas in humans is scarce [80]. Accordingly, removal 
using charcoal filters or suction hoods can be useful. However, it contributes to micro-
bial inactivation [81].

3 https://www.cdc.gov/niosh/idlh/10102439.html.

In summary:
Typical working gases for plasma sources for medical application pose no 
threat provided they are of suitable purity. Gases created by the plasma source 
during application can be potentially harmful, but due to limited treatment 
times and condensed treatment areas total amounts created are low. Additionally, 
they contribute to the desired effects.
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5.3.3  Reactive Oxygen and Nitrogen Species Deposition 
from Cold Plasmas

Beside light and electric fields, chemical species are emitted from the non-thermal 
plasma as an inevitable part of their existence. A plethora amount of data from in 
vitro, ex vivo and in vivo studies indicates, that ROS and RNS (often summarized as 
RONS) are major effectors in non-thermal plasmas [31, 70, 82–85].

Under the respective terms, ROS and RNS various small molecules are united 
(Fig. 5.3).

Although having a different structure, they share a common feature, i.e. an 
unstable electron configuration in either an atomic orbital (e.g. atomic oxygen, O; 
atomic nitrogen N) or a molecular orbital (e.g. hydroxyl radicals, OH; superoxide 
anion radical, O2

−). This instability is very often a result of an unpaired electron in 
such a structure, a situation referred to as radical species. Also, a huge number of 
paired electrons (e.g. in peroxinitrite ONOO− or in peroxynitrate OONOO−) leads 
to an unstable molecule, rendering them very reactive [86, 87]. According to ther-
modynamic laws, these chemicals seek a (more) stable configuration, thereby ini-
tiating fast and typically irreversible chemical reactions, often with a low reactant 
specificity [88]. This is best demonstrated by the hydroxyl radical (OH). The 
unpaired electron in its molecular orbital results in the molecules extreme fast 
reaction rates of 10−9 M−1  s−1 at virtually all pH-values and almost all chemical 
structures, both in gas and liquid phase [89]. Depending on the reactant and their 
chemical structure, reaction products are, e.g. organic radicals like alkyl radicals, 
dimeric structures, hydroxylated molecules, or in reaction with itself, hydrogen 
peroxide (H2O2) [90, 91]. The fast reaction translates into a diffusion rate con-
trolled quenching of OH, thereby indicating a second common feature of RONS: 
short live- time. For OH in liquids, the live time lies around the nanosecond range, 
singlet oxygen (Δ1O2) is stable for microseconds, and superoxide anion radical 
(O2−) almost one second [89, 92]. Along with the short live time, a very limited 
activity range is connected which is determined by the diffusion rate and chemical 
composition of the environment to be travelled (Fig. 5.4) [87, 93]. Compared with 
the treatment times used in plasma medicine these lifetimes are very short, raising 
the question of effective treatment durations and in-depth effectivity of plasma 
(discussed elsewhere in this book) [94].

The reactivity of the ROS/RNS is boon and bane at the same time: they are effec-
tors of non-thermal plasma—most effects observed were attributed to these small 
chemicals, and threat—they may be deleterious to the cells (macro-) molecules and 
especially, to its genetic code.
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Fig. 5.3 Structure and chemical composition 
of ROS relevant in plasma medicine
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Beside the nucleotides, forming the genetic code storage and transport forms, cells 
are made of sugars, fatty acids, and amino acids, all of whom can be components of 
larger molecules (carbohydrates, complex lipids, proteins). Knowledge on the direct 
interaction between plasma generated ROS/RNS and these components is limited, 
especially regarding the impact of potentially formed (toxic) products. For sugars/car-
bohydrates, literature suggests a good reactivity of glucose, mannose, and others with 
OH radicals and report reaction rates in the range of 10−9 M−1 s−1. Singlet oxygen is 
also reported to react with sugars, but at much lower rates (1–2 × 10−4 M−1 s−1) [95]. 
The resulting small carbonyl compounds (mainly ketones) have no reported impact on 
cell physiology. Fatty acids, consists of repetitive –CH2- groups [96]. This hydrocarbon 
structure is also present in fuels used for combustion, and accordingly, a wealth of data 
exists on the respective gas-phase plasma chemistry (plasma-aided combustion) [97–
99]. In liquids, like the cellular environment or cell culture medium, the reactivity 
between saturated lipids and plasma-generated species remains unclear. While simula-
tions using a strictly defined chemical environment suggest the attack of OH to these 
structures, experimental evidence is lacking [100, 101]. In contrast, an impact on polar 
lipid head groups (e.g. phosphatidylcholines) was seen as well as a chain fissure at 
unsaturated double bond positions resulting in truncated lipids and small aldehydes 
[102–104]. It is known from lipid research, that the α-position to a double bond (allyl 
position) can easily be attacked by oxygen derivatives [105]. Reaction products vary 
broadly, e.g. hydroperoxides, hydroxylated fatty acids, short-chain fatty acids, alde-
hydes, and cyclic products, summarized as lipid peroxidation products [106]. In cells 
and tissues, lipid oxidation products are recognized as signaling molecules, stimulating 
a general anti-oxidant response via Nrf2-related signaling or inducing inflammatory 
alert effects via prostaglandin receptors [106–108]. Hence, interaction of plasma- 
generated species with unsaturated lipids may result in the production of important 
signal molecules (e.g. 4-hydroxynonenale, 4-HNE) which are connected to active cell 
responses. So far, only limited data are available to prove this scenario. However, sev-
eral publications suggest the formation of pores in the cell membrane due to lipid per-
oxidation [109, 110], others report the activation of NRF2 and its downstream targets 
as an indirect proof of potential lipid peroxidation [111]. Reports on lipid oxidation by 
plasma treatment, using liposomes or similar models, are scarce [102, 104, 112].

Knowledge on plasma liquids chemistry to modulate amino acids is growing [113]. 
Depending on the amino acid structure, numerous covalent modifications are reported. 
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Prominent targets are the aromatic structures of tyrosine, phenylalanine, or trypto-
phane, and the thiol groups of methionine and cysteine. So far, only negligible impact 
on cell vitality after treatment with modulated amino acids has been observed, prob-
ably because of the limited concentrations of chemically modified acids and the intra-
cellular storage capable of sustaining a period of deprivation [114]. A chemical 
modification of amino acids within a complete protein by plasma has so far only been 
shown for cysteine residues [115]. When proteins featuring one or more cysteine moi-
eties in their active centers and are treated singularly in dried state by plasma, a loss of 
function was reported (e.g. glyceraldehyde 3-phosphate dehydrogenase) [116]. RNA 
endonuclease A (RNAse A) was inactivated by a dielectric barrier discharge, but not 
by a helium plasma jet [115, 116]. In contrast, the treatment of dissolved catalase by 
an argon plasma jet in buffered systems (e.g. cell culture medium) does not result in 
its inactivation, even under prolonged treatment (unpublished own observations). In a 
cellular environment, a loss of function has not been demonstrated, yet 2D–gel based 
redox proteomics revealed changes in the redox state of several proteins (Fig. 5.5), 
which could both indicate an inactivation of the protein as well as its activation.

Accordingly, interpretation remains challenging and the impact of non-thermal 
plasma on cells or tissue may predominantly be related to signaling rather than bulk 
chemistry effects. So far, the available information on plasma—amino acid/protein 
interactions allow to draw an incomplete picture only. Data describing chemical 
modifications of proteins by different plasma sources quantitatively, preferentially 
in complex systems (cells, tissues), are needed.
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Fig. 5.5 In situ oxidation level of keratin 14 in HaCaT cells by an argon plasma treatment. A treat-
ment and incubation time-depending modulation of cysteine oxidation was observed after plasma 
challenge (2D–gel, densiometric measurement by Delta2D-Software)

In summary:
Non-thermal plasma liquid chemistry allows the chemical modification of all 
major cell components when present in controlled environments. Yet, no indica-
tions of a safety issue have been published for any of the three discussed cellular 
components (carbohydrates, lipids, proteins). Rather, the modification of lipids and 
proteins contribute to the observed effects in plasma medicine via signaling events.
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5.4  Safety of Non-Thermal Plasma Application with Respect 
to Genetic Stability

The human genome consists of deoxyribonucleic acid, packed into 23 chromosome 
pairs and some small DNA molecules in the mitochondria [117]. With a few excep-
tions, it can be found in all somatic cells of the body. About 20,000 genes are 
encoded in the DNA, though the major part of roughly 6.5 billion base pairs is non- 
coding (98% ncDNA), having an unknown functionality hotly debated (“dark mat-
ter”) [118–120]. There is a small inter-individual variance of less than 0.1%, 
whereas the DNA of our closest relatives (chimpanzees) differs by 4% [121]. 
Epigenetic processes (histone acetylation, DNA methylation, etc.) add additional 
levels of gene/gene product regulation [122]. An elaborated DNA replication 
machinery ensures highest fidelity, determined to be one error per 107 nucleotides in 
baker’s yeast for the initial synthesis. Further it increased by proof-reading [123] 
and mismatch repair mechanisms [124] to only one error in 250 cell replication 
cycles [125, 126]. This high precision ensures the ability of organisms to transfer 
genetic information safely from generation to generation, contributing to the diver-
sity of life [127]. If disturbed, deleterious changes to the code, and accordingly to 
the gene products (proteins), may occur resulting in mutations or even abiosis.

Since the fatal thalidomide disaster, vigilance of clinicians and other health care 
professionals when approving a drug or treatment in humans massively increased, 
ensuring safety especially with regards to the genetic information [128]. Procedures 
violating this conditio sine qua non are only approved for the treatment of otherwise 
uncontrollable conditions as an ultima ratio, e.g. certain tumors, infections with 
multi-resistant microorganism, or orphan diseases, using strict guidelines.

As dealt with above, non-thermal plasma generates ROS/RNS that can react with 
chemical structures present in the DNA and related molecules (RNA). This would 
lead to DNA oxidation, e.g. 8-oxoguanine which results in mismatch pairing [129]. 
Additionally, the ultraviolet light emitted by most plasma sources can also interact 
with structures of the nucleotides, especially the aromatic rings (UVB light, see sec-
tion above). This could result in photo lesions, such as CPD (cyclobutane pyrimi-
dine dimers) or 6,4 PP (pyrimidine-(6–4)-pyrimidone dimers) [130]. However, it 
should be mentioned, that humans deliberately expose themselves to UV irradiation 
(“sun bathing”), and that UV light is used in clinics (e.g. photodynamic therapy: 
vitiligo, psoriasis, etc.). Such, care must be taken to observe radiation energies, 
exposure times, and exposed area when evaluating UV impact from plasmas and 
other sources.

Consequently, in the concept of plasma medicine, safety of use was focused 
early with a special emphasis on the absence of adverse effects, e.g. as reported by 
the following authors [11, 131–136]. Scarcely, damage of intensely treated skin was 
reported recently [137]. In all these works, no experiments to show the impact of the 
plasma treatment on the genetic information were included, but from the successful 
in vivo studies and the clinical follow-up, an absence of genotoxicity was concluded. 
Initial in vitro experiments focusing on genotoxicity were performed using well 
controllable systems, e.g. singular DNA plasmids in inorganic buffers or in dry 
state, and straightforward readout systems, e.g. molecule length, coiling, etc. 
Typically, authors reported a treatment time dependent decay of the DNA molecule 
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[138–140]. A decay of DNA was observed again more recently with an advanced 
model, but in this case naked DNA was treated by the plasma [12]. Although valu-
able to infer on plasma liquid chemistry or for the comparison of plasma sources or 
treatment parameters, such results are biologically irrelevant. The DNA is a reason-
able stable molecule, but it is not designed to be specifically stable in the environ-
ment [141, 142]. Additionally, as random genetic information poses a threat to other 
organisms, DNA degrading enzymes (DNAes) are secreted from most living cells. 
In contrast, the DNA is stored in eukaryotic cells in a well-protected state: coiled 
and supercoiled on nucleosomes (histone proteins) and situated mainly in the cell’s 
nucleus [143, 144]. Thus, direct reachability by short-lived plasma generated spe-
cies is limited or impossible (see Fig. 5.4). Additionally, mammalian cells feature 
very extensive DNA repair mechanisms [145–147], which evolved during evolution 
to ensure high fidelity replication and to eliminate the spontaneously occurring 104 
DNA lesions per day and cell [148]. This situation is addressed in later experiments 
using complex set ups, e.g. cell lines, primary cells, ex vivo tissue, or animal studies 
which generally demonstrated the absence of genotoxic effects for the plasma 
sources studied with a few exceptions. In all cases when complete organisms were 
treated—animals (rodents, frog, zebra fish, pig), or humans, no signs of tumorige-
nicity were detected [4, 7, 8, 10, 28, 42, 54, 131, 136, 149–152].

This apparent discrepancy is expression of a very complex situation. The plasma 
generated ROS/RNS have lifetimes modulated by the chemical properties of the 
experimental system, in cell linemodels possess ROS handling enzymes and lipid 
membranes protecting the DNA, but lacks the bulk layers of proteins/proteoglycans 
the extracellular matrix in tissue models or complete animals is made off [153]. In 
the following paragraphs, the present knowledge on this topic will be discussed.

5.4.1  Genotoxicity Risk Assessment of Non-Thermal  
Plasma Sources

The absence of genotoxicity is a mandatory prerequisite for medical applications of 
non-thermal plasmas in humans, especially in non-palliative settings like wound 
healing. Accordingly, efforts to verify its safety using generally approved methods 
have been undertaken by several research groups.

In the DIN EN ISO 10993-3:2015-02, also adapted by the FDA (U.S.A.), the 
in  vitro and in  vivo micronucleus assay (MN assay) is recommended to proof 
genetic safety [154, 155]. Micronuclei appear during cell division if chromosomal 
aberrations occur (e.g. double strand breaks, loss of centromer) and genetic material 
is left behind during karyokinesis, indicating aberrations in the genetic information 
[156]. For the argon plasma jet kINPen two different research groups showed the 
absence of genotoxic effects using the MN assay either in normal human keratino-
cytes (HaCaT, in vitro) or in peripheral chicken’s egg blood cells (in vivo. In culti-
vated HaCaT cells, using RPMI cell culture medium with fetal calf serum, up to 
180 s of kINPen 09 plasma treatment did not result in an increase of micronuclei 
formation in cytochalasin-blocked cells above control levels (5%), while positive 
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controls UVB (6%) and mitomycin C (12%) did [152]. This result was confirmed 
in vivo using chicken’s egg peripheral erythrocytes (HET-MN). Briefly, the egg’s 
chorioallantoic membrane was treated on day 8 for up to 10 min with the kINPen 
MED and after 3 days, presence of micronuclei in the chicken’s erythrocytes was 
estimated after May-Grünwald Giemsa staining. Positive controls (methotrexate, 
cyclophosphamide) did result in strong micronucleus formation, while all plasma 
treatments did not yield any increase above control (0.03%) [150].

The mammalian gene mutation assay HRPT1 (encoding the protein Hypoxanthine-
guanine phosphoribosyltransferase) exploits the presence of one singular gene in 
male cells (e.g. Chinese hamster lung cells V79, located on the Y chromosome). The 
assay has been adopted by the OECD for mutagenicity testing: upon DNA dam-
age, the gene product is malfunctioning, allowing cells to grow in 6-thioguanine, 
a toxic nucleotide precursor. In control cells, when HRPT is working, the toxifica-
tion of 6-TG leads to cell death. One DBD (MiniFlatPlaSter), a microwave exited 
argon jet (MicroPlaSter; both Adtec, UK), and a MHz driven argon plasma jet kIN-
Pen (Neoplas GmbH, Germany) was assayed for HRPT1 mutagenicity. Using the 
MiniFlatPlaSter, up to 240 s of plasma treatment in DMEM did not yield a signifi-
cant increase in mutagenicity [149]. In a similar setup, up to 5 min treatment of V79 
cells in PBS with the MicroPlaSter or untreated control yielded between 10 and 20 
mutants per one million cells. In both cases, ethlymethanosulfonate or UVC yielded 
significantly higher number of mutants (≈ one order of magnitude). The kINPen was 
assayed in HRPT1 genotoxicity assay for up to 180 s indirect, 30 s direct, or mock 
treatment using complete RPMI. Between 10 and 20 mutants per one million cells 
were detected, with no detectable difference between treatment and control. Positive 
controls (UVB 40 Jeff m−2, ethlymethanosulfonate) yielded a 1 to 1.5 orders of mag-
nitude higher mutation frequency [152]. In another approach, a high throughput 
micronuleus assay was established using THP1 cells and an imaging flow cytometer 
[94]. Results confirm the absence of mutagenic effects for the kINPen MED.

Clearly, these results show the absence of genotoxic effects for the plasma sources 
under test. However, care must be taken when generalizing the outcome: For a high 
voltage volume DBD, authors report the presence of epithelial cell CHO- K1 HRPT1 
mutants after prolonged treatment (5–10 min, DMEM/F12 medium w/FBS) [157]. 
However, experimental issues may have influenced the result: an increased cell 
motility was observed, impeding correct colony estimation. This is in accordance 
with other reports on increased epithelial cell migration after plasma treatment in the 
concept of plasma aided wound healing [27].

Other not officially approved assays have been used to estimate genotoxicity of 
non-thermal plasmas (see Sect. 5.4). In contrast to the above, these assays do not 
account cell performance but rely on molecular analytics, detecting dedicated events 
such as DNA fragmentation or protein expression/activation. As discussed, the 
treatment of naked DNA cannot easily be used to confer on cell physiology, but 
changes detected in intracelluar proteins can be valuable tools for mechanistic 
insights into the background of plasma medicine. A frequently used reporter is the 
histone γH2AX, whose phosphorylation is one early signal of DNA double strand 
breaks [158]. A number of papers report such event after non-thermal plasma 
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treatment [84, 159, 160], while others do not [161] or put it into another context 
[162]. Beside its role in DNA damage signaling, this protein also serves as redox 
state sensor, contributing in antioxidant defense [163, 164]. Such, overlapping sig-
nals may evolve impeding interpretation. Similarly, care must be taken evaluating 
data from the single cell gel electrophoresis assay (Comet Assay). This assay detects 
the lability of the DNA, either due to oxidation causing single strand breaks (alka-
line comet assay) or double strand breaks (neutral comet assay) [165, 166]. However, 
during apoptosis which is well recognized cell death mechanism after suitable 
plasma treatment [165, 167], nucleases cut the cellular DNA which than leads to 
positive assay results mimicking DNA strand breaks [168].

5.4.2  Risk Assessment of Murine Wounds Treated with an  
Argon Plasma Jet

For the atmospheric pressure argon plasma jet kINPen, first evidence pointed at a 
lack of genotoxic and/or mutagenic activity [150, 152]. However, studies on tissues 
as well as long-term observations are scarce [136]. Here, a murine model of dermal 
full-thickness wounds was used, which closely resembles wound healing in humans 
[169]. After anesthesia, full-thickness ear wounds with 3 mm2 area were created on 
both ears. kINPen plasma treatment was carried out using the tip of the plasma 
effluent at a distance of eight mm using an autoclavable spacer. Wounds were treated 
daily with 20 s of plasma over 14 consecutive days, which seems advisable for toxi-
cological investigations, or were left untreated. Quantitative analysis by microscopy 
demonstrated a significantly accelerated wound epithelialization, as indicated by 
faster wound closure beginning with day 3 until day 9 after wounding [27]. 
Consecutively, we investigated long-term side effects of the repetitive plasma treat-
ment in this immunocompetent mouse model [28]. To monitor long-term effects and 
tumorigenicity plasma-treated mice were observed for 350 days and compared with 
untreated controls. Thereafter, skin, organs, and blood were collected, and different 
assays were performed as shown in Fig. 5.6.

We were able to conclude key aspects with regard to efficacy and safety of that 
device using non-invasive methods such as magnetic resonance imaging (MRI) and 
positron-emission tomography/computed tomography (PET/CT) using 18F–FDG 
tracer. Within the sensitivity and resolution limits, no apparent signs of tumor mani-
festation were found in any of the investigated structures and organs at the deliv-
erable spatial resolution. Likewise, histological and immunohistochemical analysis 

In summary:
Non-thermal plasmas can have a strong impact on mammalian cells, includ-
ing the triggering of cell death. Yet, for some plasma sources reports indicate 
the absence of genotoxicity, as could be shown by micronucleus assay and 
HRPT1 assay: either a potential damage can be repaired or cells undergo 
apoptosis. In animals or humans no sign of tumorigenicity have been detected. 
However, this statement cannot be generalized and safety needs to be tested 
for every new plasma source.
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failed to detect abnormal morphological changes and presence of tumor markers 
such as neighbor of Punc 11 (NOPE), α-fetoprotein (AFP), β-microglobulin, (β2M) 
or carcinoembryonic antigen (CEA). In blood, systemic changes of the pro- 
inflammatory cytokines interleukin 1β (IL-1β) and tumor necrosis factor α (TNFα) 
were absent. Similarly, tumor marker levels of α-fetoprotein and calcitonin remained 
unchanged. Absence of neoplastic lesions was confirmed by quantitative PCR. 
mRNA expression levels of several cytokines and tumor markers in liver, lung, brain 
and skin were similar in the control and treatment group (Fig. 5.7).

Wounded skin tissue healed physiologically without excessive scar formation or 
abnormalities. The plasma treatment was safe as demonstrated by the absence of a 
wound-restricted tumor formation. No transformation of tissue was found in any 
other major organ including liver, lymph node, spleen, heart, lung, and brain. The 
lack of tumor markers in blood plasma suggested an absence of tumor tissue at other 
body sites not investigated. Moreover, the analysis of cytokines and immune cells 
indicated a physiological immune regulation without pathological enhanced inflam-
mation. These results suggest that the beneficial effects of cold plasma in wound 
healing come without apparent side effects including tumor formation or chronic 
inflammation. Cold plasma applied topically is a safe adjuvant strategy in dermatol-
ogy, which is in agreement with previous studies.

In summary:
In a long term observation of repeatedly argon plasma jet (kINPen) treated 
mice no adverse effects with regards to genotoxicity could be observed, nei-
ther locally nor systemically. The applied treatment can be regarded as safe.

Wounding of ears in a SKH1 mouse model (I)
Daily cold plasma treatment over 14 days (II)
Repetitive wound closure analysis

d0 d3 d6

Days (d)

Blood sampling and preparation

Cytokine and
neoplastic marker
expression and

secretion

Homogenization of skin
tissue and organs

Expression
analysis (qPCR)

Macroscopic
evaluation of tissue

and organs

Inflammation and tumor
marker analysis

Immunohistochemistry

Tissue and organs
in 4% PFA

Histology (H&E,
PSR staining)

Granulation,
collagen content

Multimodal imaging

d9 d12 d15 d350

Fig. 5.6 Study design of one-year follow-up risk assessment. Immunocompetent SKH1 mice 
were wounded on both ears and daily treated with an argon plasma jet over 14 consecutive days. 
After 350 days, any potential tumor formation was analyzed by non-invasive methods such as 
anatomical magnetic-resonance imaging (MRI) and positron emission tomography-computed 
tomography (PET/CT) as well as by histological (H&E and PSR staining), immune histochemical 
(IHC) and molecular biological analyses (quantitative PCR, ELISA) [28]

5 Safety Aspects of Non-Thermal Plasmas



100
M

ac
ro

sc
o

p
ic

 e
va

lu
at

io
n

 a
n

d
 h

is
to

lo
g

y
M

u
lim

o
d

el
 im

ag
in

g

In
fl

am
m

at
io

n
 s

ta
tu

s

E
va

lu
at

io
n

 o
f 

tu
m

o
r 

m
ar

ke
r 

ex
p

re
ss

io
n

 a
n

d
 s

ec
re

ti
o

n

I
II

A
F

P
ca

lc
ito

ni
n

2.
0

2.
0

1.
5

1.
5

1.
0

1.
0

0.
5

0.
5

ct
rl

liv
er

A
F

P
80 70 60 40 30 20 10 +ve

 ct
rl

+ve
 ct

rl

+ve
 ct

rl

+ve
 ct

rl

ctr
l

ctr
l

ctr
l

ctr
l

ctr
l

ctr
l

pla
sm

a_
m

pla
sm

a_
m

pla
sm

a_
m

pla
sm

a_
m

pla
sm

a_
m

pla
sm

a_
m

pla
sm

a_
f

pla
sm

a_
f

pla
sm

a_
f

pla
sm

a_
f

pla
sm

a_
f

pla
sm

a_
f

fold regulation
(normalized to ctrl)

N
O

P
E

C
E

A
N

S
E

β2
m

β-
ac

tin

br
ai

n
lu

ng
ea

r

ct
rl

m
m

f
f

AFP (ng/ml in plasma)

CT (ng/ml in plasma)

a
b

b
’

c f

e

g

c’
d

a’
b

1
b

1’

Fi
g.

 5
.7

 
E

va
lu

at
io

n 
of

 p
ot

en
tia

l 
ri

sk
 h

az
ar

ds
 o

f 
th

e 
kI

N
Pe

n 
pl

as
m

a 
in

 m
ic

e.
 A

ni
m

al
s 

w
er

e 
tr

ea
te

d 
da

ily
 w

ith
 2

0 
s 

of
 p

la
sm

a 
ov

er
 1

4 
da

ys
 a

nd
 t

is
su

e 
w

as
 

re
m

ov
ed

 a
ft

er
 o

ne
 y

ea
r. 

M
ac

ro
sc

op
ic

 e
va

lu
at

io
n 

(a
) a

nd
 h

em
at

ox
yl

in
 a

nd
 e

os
in

 (H
&

E
) s

ta
in

in
g 

(b
) o

f d
if

fe
re

nt
 o

rg
an

s 
(l

un
g,

 s
pl

ee
n,

 li
ve

r, 
he

ar
t, 

ki
dn

ey
, t

hy
ro

id
 

gl
an

ds
, 

an
d 

br
ai

n)
 l

ac
ki

ng
 v

is
ib

le
 t

um
or

 f
or

m
at

io
n,

 N
on

-i
nv

as
iv

e 
im

ag
in

g 
m

et
ho

ds
 s

uc
h 

as
 m

ag
ne

tic
 r

es
on

an
ce

 i
m

ag
in

g 
(M

R
I,

 c
) 

or
 p

os
itr

on
 e

m
is

si
on

 
to

m
og

ra
ph

y-
 co

m
pu

te
d 

to
m

og
ra

ph
y 

(P
E

T
/C

T,
 d

) 
sh

ow
ed

 n
o 

si
gn

s 
of

 m
et

as
ta

tic
 o

r 
pr

im
ar

y 
tu

m
or

 f
or

m
at

io
n.

 N
or

m
al

 m
ac

ro
ph

ag
e 

(f
4/

80
) 

an
d 

gr
an

ul
oc

yt
e 

(L
y6

G
) 

di
st

ri
bu

tio
n 

in
 s

pl
ee

ns
 a

nd
 n

or
m

al
 h

ep
at

ic
 a

rc
hi

te
ct

ur
e 

w
ith

 r
am

ifi
ed

 K
up

ff
er

 c
el

ls
 (

F4
/8

0)
 a

nd
 p

ic
ro

si
ri

us
 r

ed
 (

PS
R

) 
st

ai
ni

ng
 w

er
e 

de
m

on
st

ra
te

d 
us

in
g 

im
m

un
hi

st
oc

he
m

is
tr

y 
(I

H
C

, e
).

 S
ev

er
al

 tu
m

or
 m

ar
ke

rs
 in

 d
if

fe
re

nt
 o

rg
an

s 
(l

iv
er

, l
un

g,
 b

ra
in

, l
ym

ph
 n

od
es

, t
hy

ro
id

 g
la

nd
s)

 a
nd

 ti
ss

ue
 (

ea
r 

sk
in

) 
w

er
e 

an
al

yz
ed

 
us

in
g 

IH
C

 (
f)

, E
L

IS
A

 (
g)

, a
nd

 q
ua

nt
ita

tiv
e 

PC
R

 (
h)

 c
on

fir
m

in
g 

no
 s

ys
te

m
ic

 lo
ng

-t
er

m
 tr

an
sf

or
m

at
io

n 
af

te
r 

pl
as

m
a 

ap
pl

ic
at

io
n 

[2
8]

K. Wende et al.



101

5.5  Summary and Conclusions

Modern non-thermal plasma sources for biomedical applications can be regarded as 
safe, if recommendations for use are followed and test according to the DIN SPEC 
and officially requested test have been performed. A chemically inert composition of 
the source, clean and safe gases for operation and a low heat and patient leakage cur-
rent can be well designed and controlled. The biochemical safety of the discharge is 
influenced by the emission of UV light, the electrical fields, and the deposition of ROS 
and RNS. Together with the engineered plasma source design it determines the impact 
on the desired target and potentially adverse side effects. Due to a permanently grow-
ing knowledge on the fundamental basics of plasmas and the changing medical appli-
cation fields, risk assessment is not a static but a highly kinetic field. Appropriate 
experiments need to be performed for any plasma source and application area specifi-
cally, and needs to be updated with any change of operation procedure, e.g. changes 
in working gas composition, distance, driving power or the application itself etc. 
Evidently, risk assessment and safety of the plasma treatment is permanently work in 
progress as plasma source and applications develop further from the prototype stage 
into clinical fields. Furthermore, good clinical practice procedures ask for the re-eval-
uation of the risk assessment/safety file at times, especially upon the finding of new 
insights related to the mentioned risks. To this end, it must be stated that a lot of work 
is still to be done—many plasma sources or applications are currently in a preliminary 
status. Even for the more established plasma sources, which are approved as a medical 
device like the kINPen (neoplas tools, Greifswald), the PlasmaDerm (Cinogy GmbH, 
Duderstadt), or the SteriPlas (Adtec Ltd., UK), further efforts will be necessary to 
keep step with improving knowledge and medical application foci.
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Antimicrobial Activity of Plasma

Georg Daeschlein

6.1  Summary

Cold plasma is now available since a lot of years and since approval apart from a 
multitude of in vitro experiments many patients have undergone plasma therapy. 
Actually tumor and antimicrobial skin and wound treatment seem the most attrac-
tive treatment options with an urgent need for alternative therapies. This is also valid 
for recalcitrant ulcer wounds, whereby actually no valid multicenter studies but 
promising observations with good results of plasma therapy are available. Before 
general recommendations are to be made regarding use of “plasma antisepsis” and 
treatment of recalcitrant wounds evidence based studies must show the clinical suit-
ability of the intervention. Own studies show excellent results of plasma in the treat-
ment of nosocomial pathogens on skin and wounds as well as of dermal precancerosis. 
It must be emphasized to ever keep sight of ethical aspects of any use of new meth-
ods in medicine: Less marketing and more serious results of valid tolerability as 
well as efficacy studies should persuade the doctor in practice to assume responsi-
bility for his patients and to let. This will be a mutual benefit for patients and public 
health as well.

6.2  Introduction

The new medical field plasma medicine is celebrating its decennial birthday [1, 2].
Beside multiple applications in technology and biology cold and plasmas are 

worldwide under investigation to create innovative applications.
This is possible since already known “hot” plasma could be domesticated to skin 

tolerated treatments.
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On the other hand “cold” plasmas were already sold about 100 years ago in 
USA and Europe as high-frequency therapy and at the moment still two compa-
nies offer “high-frequency” related plasma devices in Germany. The antimicro-
bial activity was one of the mostly claimed properties of these devices, and 
meanwhile could be approved in vitro for important pathogens of bacteria, fungi, 
viruses and parasites [3]. Even the background being not fully understood, it can 
be assumed that this activity of the plasma is responsible for the effectiveness of 
most clinical applications, except antitumor efficacy, which currently is under 
vigorous investigation.

6.3  Why Plasma

Physical treatments to defeat microbial challenges have a long-standing tradition 
and many medical applications focus on broad antimicrobial activity by distance. 
However up to date no device with pure physical antimicrobial efficacy has entered 
medical business and potential treatments with potent antimicrobial properties like 
UV photons are to be dropped out because of safety reasons.

In contrast to all kind of physical skin and wound treatments up to day in use now 
cold plasma offers a wide spectrum of effective species with potent antimicrobial 
properties allowing disinfection of skin and wounds.

CAP effects include

 – reactive oxidative and nitrogen species (ROS and RNS),
 – free radicals,
 – ions,
 – electric fields,
 – electrons
 – UV photons [4, 5],

These species justify antimicrobial applications of CAP inducing bacteriocidic 
effects based upon membrane oxidation, cell wall and DNA disintegration [6]. In 
comparison with other means like UV radiation the “cocktail” offered by CAP can 
be realized with far less energy dosage which enables safer clinical applicability. 
Not any of the mentioned reactive species alone could be applied without the danger 
of harmful skin effects because the need for much higher doses.

6.4  Worldwide Problems with Multi Drug Resistance

The actual situation regarding multi drug resistance is far from being desirable.
Despite some efforts fighting MRSA, these bugs still represent a relevant chal-

lenge up to day and in the US ambulant variants CA-MRSA (community-acquired) 
meanwhile have supplanted hospital-acquired MRSA (HA-MRSA) as first patho-
gen in patients with wound infections [7].
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Coincident with worldwide decreasing MRSA incidence now another group of 
multi drug resistant pathogens, the MRGN (multi drug resistant gramnegative rods, 
mostly enterobacteriaceae) have entered the stage and pose significant problems in 
intensive care units [8].

Additionally regarding new antibiotic development the situation seems not opti-
mistic. In parallel to lacking approvals of new therapeutics decreasing investments 
for antibiotic research can be noticed.

A way out could be realized by CAP, because its antimicrobial properties rely on 
completely different mechanisms compared with any conventional antimicrobial 
chemotherapeutic.

Therefore a benefit using CAP in the fight against multi drug resistance can be 
assumed, i.e. treating wound infections caused by MDR bugs but also decolonizing 
colonized skin in the hospital. Although full susceptibility of pathogens to CAP 
can be expected and was supported by first experiments we now can differentiate 
some distinct variations between species, which are further discussed in Chaps. 
6.9–6.11.

6.5  Not Only Bacteria To Be Focused

Apart from bacteria many more microorganisms causing infections worldwide still 
pose substantial problems, thereof among others atypical mycobacteria, fungi 
(yeasts and also molds), chlamydia, mycoplasma and viruses like hepatitis virus and 
some parasites such as toxoplasma gondii, leishmania spp. and entamoeba histolyti-
cum. A special case are cryptosporidia, which can cause important gastrointestinal 
diseases exhibiting important resistance towards disinfectants in the environment. 
Against Leishmania Fridman et al. could demonstrate CAP efficacy [9], our group 
was able to show potent CAP-efficacy against Demodex folliculorum [10]. In con-
trast to antibacterial efficacy with multidrug resistance as main problem, the prob-
lem with parasites means to find at all effective treatments with good tolerability.

6.6  Antimicrobial Applications

For CAP as for any other new treatment option a clear indication based upon evi-
dence of efficacy is recommended and for clinical practice the treatment of choice 
is this one with best efficacy together with best tolerability. When both treatments 
fulfill these recommendations the product with best price will be advised.

Therefore before a treatment is planned alternatives and potential adverse effects 
and costs have to be weighted prior to use. As an example it makes no sense to use 
CAP as a disinfectant on surfaces where simple ethanol based disinfectants make 
the same job over 30 s exposure. CAP applications seem meaningful when conven-
tional procedures are not (fully) successful, i.e. MRSA sanitization on human skin 
in case of recalcitrant colonization. Another purpose is CAP application for wound 
healing after successful elimination of those factors which were responsible for 
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impaired healing capacity like chronic venous insufficiency or bacterial biofilms. At 
the moment CAP is clinically mainly used to improve healing in patients with 
chronic wounds.

6.7  Less Antimicrobial Susceptibility Under Cap-Treatment?

Since antimicrobial CAP activity is not related to the mechanisms described for 
chemotherapeutic drugs it can be assumed that the feared selection of resistant 
strains which are propagated throughout the world may be omitted. The mode of 
action by CAP which can be compared most likely with antiseptics and disinfec-
tants is based upon biophysical attack together with strong oxidation and follows an 
overkill model. Only at low concentrations disinfectants do not work and allow 
survival of pahogens thus promoting spread situations in hospitals. At right concen-
trations not one cell can survive providing high confidence in routine disinfection 
procedures. This is the only condition highly recommended during CAP use treat-
ing i.e. biofilms and the lack of resistance development now is referenced by several 
groups. However, since up to day no standardized method for susceptibiity testing 
of CAP is available, implementation of such a test model and larger studies with 
species and strains from different regions are strongly warranted.

6.8  Susceptibility Testing of CAP In Vitro

Over decades standard tests exist to evaluate susceptibility of bacteria towards anti-
biotics with different methods following national and international proceeding 
guidelines. Over years microbouillon dilution methods were developed to gold stan-
dard in susceptibility testing resulting in minimal inhibitory concentrations (MIC), 
which are tested as break point values in routine testing. This test procedure has 
replaced the former used agar diffusion method (Agardiffusionstest nach Bauer und 
Kirby; [11]) which is much easier to perform but provides values that cannot be 
related to therapeutic serum levels as MIC. Nevertheless agar diffusion still is used 
for special questions like ESBL-testing and as orientating test for some difficult to 
test organisms. Both test methods refer on stringently chosen drug but also pathogen 
concentrations in suspensions. For MIC testing geometric dilutions of drugs are 
incubated with stable pathogen suspensions and resulting growth quantified after 
turbidimetric measurement in microvials. Our group has undertaken MIC testing of 
CAP in microtiterplates by adapting standard methods, resulting in doses by which 
complete killing of a known pathogen is achieved. This method seems valid but 
needs copious validation. The main problem is standardisation with exposure times 
of half a second changing significantly test results which causes larger experimental 
effort to gain stable data. Therefore most experimentators experience modifications 
of Bauer and Kirby’s agar diffusion method which is much easier to perform. It has 
to be mentioned that both methods were worked out for solids but per se not for 
radiation testing and (see above) up to we still have no standard test for CAP 
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susceptibility testing. Even when CAP is assumed as working by oxidizing species, 
the complexity of such mode of action (chemical reactions cannot be reduced to a 
simple calculable value) causes the described difficulties resulting from MIC testing 
in suspensions [12].

When CAP was tested on agar, we could show that CAP efficacy rapidly 
decreased with increasing concentrations but also with maturity of colonies, a phe-
nomenon which may be related to physical density (“shadow effect”) [12]. This has 
to be mentioned for better understanding and estimation of CAP effects in complex 
situations (biofilms, wound secretions) and underline the importance to correlate 
inhibition zones to clinical outcome in larger studies.

Up to now a multitude of species was tested against CAP including all kind of 
clinical relevant pathogens causing acute and chronic skin and wound infections 
and septcemia. With the important restriction that we can conclude that by no 
author CAP resistant strains or species were recorded (means no inhibition zone 
obtained after 1–60 s on solid media like agar) [13, 14]. Our group tested some 
thousands of strains and neither with the most in use CAP device, the Argon fed 
kINPen (INP Greifswald, Germany) nor different DBD (i.e. CINOGY, Duderstadt, 
Germany, TEFRA, Berlin, Germany, PMS, Bad Ems, Germany) showed resistant 
strains.

The lack of resistant strains does not mean that all strains show identic inhibition 
zones or MICs. We found significant and not significant differences between gram 
positive and negative species and also between strains with different susceptibility 
towards chemotherapeutic drugs. I.e. for some enterococci and also S. aureus the 
degree of drug resistance determined the susceptibility towards CAP, in detail VRE 
and HLGR were less susceptible to CAP (for more details see also the following 
chapters) [12].

Other authors published less CAP susceptibility of spore forming bacteria [15], 
what was explained by the envelope lacking water.

Also Lee et al. found differences in susceptibility between gram positive and 
gram negative bacteria with gram negative bacteria exhibiting better suscepti-
bility to CAP [16], other authors could not verify these differences [17]. Our 
group found that the described differences depend on the CAP technique, with 
Argon fed jets we found no significant differences, but using DBD we did (see 
above, [18]).

6.9  Technique of CAP Treatment

Our group in Greifswald uses the following CAP devices

 – APPJ, gepulsed and non-pulsed Modus (kINPen Med, INP Greifswald, Germany),
 – DBD (PlasmaDerm®, CINOGY, Duderstadt, Germany)
 – DBD with glass electrode (plasma MEDICAL SYSTEMS, Bad Ems, Germany),
 – DBD with glass electrode (TEFRA, Berlin, Germany)
 – Argonplasma-Jet (Maxium®-Beamer, KLS Martin, Tuttlingen, Germany)
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The above mentioned CAP devices produced very similar antimicrobial efficacy 
as tested on semisolid media in vitro against all up to now tested clinical strains and 
species independently of the chemotherapeutic drug susceptibility and after 3–60 s 
of treatment in vitro [10, 18, 19]. Albeit principally susceptibility, some important 
differences could be noted [12, 18].

Except most relevant clinical bacterial species also clinical relevant fungi and 
molds were tested against CAP. As examples with excellent susceptibility to CAP 
here Trichophyton (interdigitale zoophil and anthropophil, rubrum and verruco-
sum), Microsporum canis, Candida (albicans, glabrata and krusei), Penicillium and 
Aspergillus should be mentioned.

In representative in vitro study we investigated the dependence of the degree of 
multi drug resistance of a strain on the susceptibility to CAP and tested 194 multi 
drug resistant wound isolates against two CAP sources (DBD and pulsed and non- 
pulsed Argon fed jet). 

The following 13 species were tested: Escherichia coli, Pseudomonas aerugi-
nosa, Extended spectrum beta-lactamase builder (ESBL), Staphylococcus epider-
midis, Staphylococcus aureus (Methicillin- susceptible, MSSA, Methicillin-resistant, 
MRSA, Methicillin-resistant Staphylococcus epidermidis, MRSE, Acinetobacter 
spp., Klebsiella group (Klebsiella pneumoniae ssp. pneumoniae, Klebsiella oxyt-
oca), Enterococcus faecalis, Enterococcus faecium, Vancomycin resistant entero-
cocci VRE and High level gentamycin resistant enterococci HLGR [19]. In general 
we could show that the pulsed jet was less effective than the non-pulsed variant 
(p  <  0.001) when the inhibition zones on growth agar were compared showing 
larger zones with the non pulsed jet and best susceptibility of the Gram negative 
species P. aeruginosa (Figs. 6.1 and 6.2)

Additionally we found gram positive species significantly more susceptible to 
DBD plasma than gram negative species (p < 0.001) (Fig. 6.1). Jet plasma showed 
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G. Daeschlein



119

0

10

20

30

40

50

60

70

80

Efa
ec

ium
M

SSA

M
RSA

Efa
ec

ali
s

VRE

HLG
R

M
RSE SE PA

ESBL

KLE
BS EC

ACI

In
hi

bi
tio

n 
zo

ne
s 

[m
m

²]

Gram-negativeGram-positive

Fig. 6.2 Ranked inhibition zones (mean and SD) obtained after 3s plasma treatment with pulsed 
APPJ for different Gram positive and Gram negative species
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Fig. 6.3 Ranked inhibition zones (mean and SD) obtained after 3s plasma treatment with DBD for 
different Gram positive and Gram negative species

another pattern with best susceptibility of the gram negative P. aeruginosa followed by 
the gram positive S.aureus (MSSA) for both sources (Fig. 6. 2 and 6.3). Interestingly 
with increasing multi drug resistance (number of classes of antibiotics showing resis-
tance as obtained by conventional susceptibility testing) of a species, susceptibility to 
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CAP decreased when DBD and increased when jets were used (Fig. 6.4 and 6.5) 
underlining the potential suitability of CAP (DBD) in case of multi drug resistant 
bacteria bacteria in wounds or elsewhere.

Fig. 6.4 Increasing antimicrobial resistance against antibiotics (number of classes of antibiotics 
to which a species showed resistance, x axis) an related inhibition zones (y axis) obtained after 3 s 
of DBD plasma treatment and trendline (calculated via method of least squares). CAP  susceptibility 
increased with degree of multi drug resistance
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Fig. 6.5 Increasing antimicrobial resistance against antibiotics (number of classes of antibiotics 
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Additionally we found that gras were significantly more susceptible than gram 
positive ones, regardless the CAP jet source used (p < 0.001) (Fig. 6.2) and when 
DBD was compared with the jets, gram positive species showed more susceptibility 
to the DBD (p < 0.001) (Figs. 6.1, 6.2 and 6.3).

6.10  Efficacy Against MRSA In Vitro

Several authors report different CAP susceptibility of MRSA and MSSA in vitro 
testing some strains and species. In a larger collective of clinically defined strains 
we investigated 50 MRSA (48 HA-MRSA, 1 LA-MRSA, 1 CA-MRSA) and 168 
MSSA [20]. Both bacterial groups MRSA and MSSA showed good susceptibility to 
CAP (all three sources) but some important differences could be noted. The DBD 
was the CAP source with the largest electrode surface and showed the largest inhibi-
tion zones, however the activity against MRSA was less pronounced in comparison 
with the jets, what cannot be explained up to now. One explanation could be the 
thicker cell wall of some strains of MRSA as described by Kawai et al. [21].

6.11  Efficacy Against Enterococci In Vitro

Having demonstrated important differences between Staphylococci we intended to 
investigate also the group of clinically most relevant gram positive cocci, the 
enterococci.

We further would correlate the influence of conventional drug susceptibility of 
these bacteria on CAP susceptibility.

As for MRSA and MSSA we could demonstrate different susceptibility to the 
CAP device in the tests. All tested 39 isolates (including VRE, HLGR) showed 
100% susceptibility to any of the three CAP devices but with DBD the anti entero-
coccal efficacy against the more resistant strains was less strong compared with 
both jets [12]. In detail using DBD Vancomycin-resistant enterocci (VRE) were 
significantly more resistant than all other enterococci. Also HLGR-isolates showed 
significantly smaller inhibition areas than other enterococci when treated with the 
DBD. Surprisingly with both jets HLGR proved significantly more resistant com-
pared with all other enterococci. When both jets were compared generally the non 
pulsed was more effective than the pulsed variant. With DBD it was shown for all 
enterocci that with increasing drug resistance (MIC as tested in routine susceptibil-
ity testing) the susceptibility to CAP decreased.

6.12  Efficacy In Vivo

Ex vivo Maisch et al. [22] could demonstrate a significant decolonization of MRSA 
by CAP, in vivo, Isbary et al. [23] and Brehmer et al. [24] found significant bacterial 
reduction (more than 30%) in patients with chronic wounds. Our group investigated 
antmicrobial CAP activity in chronic wounds with a CAP device used over decades 
in surgery (plasma knife, thermocoagulation) and which can be also used in a cold 
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plasma mode (Maxium®-beamer, KLS Martin, Germany). Eighteen chronic wounds 
(included infected ones) from 11 patients were treated with CAP [14], the effect 
quantified evaluating the microbial load of wounds after swabbing using a modified 
Levine-technique [25]. In total 24 bacterial pathogens were recorded thereof 17 
(71%) multi drug resistant. CAP exhibited strong antimicrobial effects reducing 
significantly or eliminating the pathogen load.

Differences of efficacy against different species with and without multi resis-
tance were not found, however, most prominent effects were found regarding gram 
negative species, interestingly markedly against Pseudomonas aeruginosa and 
Serratia marcescens) [14]. Al referenced by other authors (Isbary et al. [23] Brehmer 
et al. [24]) we found excellent tolerability by patients.

6.13  Practical Points of View

In the context of a multimodal wound treatment concept CAP can provide important 
supportive benefit especially in chronic wounds colonized with multi drug resistant 
pathogens.

CAP treatment allows elimination or strong reduction of microbial load within 
seconds of treatment including highly resistant strains and species. This works 
using all CAP devices up to now certified as medical products following the refer-
enced data an own experiences. However, different CAP variants can exhibit vary-
ing results regarding inhibition zones and killing kinetics using identical treatment 
times. Because up to now no practical measurements for comparable dosage (output 
power) are available it is very difficult and often impossible to adjust two CAP 
devices for comparing purpose. Since unexpectedly technically quite differing CAP 
sources and techniques (DBD, jets) in many experiments show very similar antimi-
crobial effects (same exposure time) we conclude robust and similar reaction prod-
ucts. All kind of clinical species seem highly susceptible to CAP, pointing at a 
working mechanism independent of biochemical acting like conventional drugs. 
Meanwhile we have found differences in CAP-susceptibility with better susceptibil-
ity of strains with low grade multi drug resistance challenging this supposition. In 
opposite to principally CAP susceptibility, this phenomenon was only observed for 
specific CAP techniques which now has to be further analyzed in detail. It is impor-
tant to point at the good susceptibility of bacteria, which also can be experienced by 
treating bacteria with plasma activated solutions [25, 26]. These solutions (includ-
ing buffer) were shown to have good effects in vitro and in vivo trials i.e. for anti-
sepsis are promising.

For clinical practice CAP electrodes are important and determine the wound type 
to be treated. The jets predestinate for point treatment of smaller wounds, and the 
larger DBD electrodes for larger wound areas. When several cm2 of a wound are to 
be treated by CAP-jets, with the need of about 60 s of treatment (beam contact to 
the wound surface) per cm2 several minutes may be necessary for total wound treat-
ment, with typical DBD (2–3  cm electrode diameter) this time will be shorter. 
However, this treatment time needs further shortening and electrodes with larger 
surfes (DBD dressing electrodes) are under investigation. Up to now plasma tech-
nology of jets is limited to a certain diameter thus larger treatment zones can be 
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reached by completing two or more jets to bundle-jets (“revolver jet” actual under 
investigation).

6.13.1  Overview

Facts antimicrobial CAP treatment

 – All common clinical species and strains highly CAP susceptible
 – Also multi drug resistant strains susceptible
 – Also effective against fungi, molds and parasites
 – From 3 s treatment microbiocidal CAP-effects possible,
 – Proteins (blood, secretions) can lower CAP efficacy
 – Good biofilm activity, not yet in vivo fully satisfying
 – No selection of resistant strains
 – Treating staphylococci and enterococci less efficacy towards higher drug resis-

tant strains (dependent on CAP source type)

6.14  Open Questions

The impressing antimicrobial properties of CAP are the base of treatment of colo-
nized and infected skin and wounds. (▸ Abschn. 4.9, ▸ Abschn. 4.10) Most wounds 
show reduction to elimination of bacterial load thus supporting healing. Why some 
wounds do not respond well to CAP treatment has to be investigated in larger stud-
ies with stratification of the wound type.

No resistant strains or species but differences in susceptibility to CAP may occur, 
depend on the CAP type and can be compensated by longer treatment. The role of 
this phenomenon has to be further evaluated (Relations between cell wall robust-
ness, escape mechanisms and peroxide effects).

Another important effect is the different susceptibility to CAP in dependence on 
Gram stain ability [27] which also has to be further analyzed questionnating the role 
of cell membrane and wall stability.

Mainstays of ongoing research are

 – DBD more effective against gram positive pathogens?
 – Jets more effective against gram negative pathogens?
 – DBD less effective towards MRSA than MSSA?

Since CAP sources can exhibit quite different and unexpected antimicrobial 
effect variations in future all CAP devices should undergo as technical as well as 
biologic examination during the course of certification by authorities in order to 
better compare the suitness for the intended use in clinical practice. This analysis 
should include tests against defined panels of clinical pathogens including multi 
drug resistant strains like MRSA, VRE and ESBL. Before such a recommendation 
can be realized, the implementation for normative test methods is strongly 
warranted.
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7Treatment of Ulcerations and Wounds

Regina Tiede, Steffen Emmert, and Georg Isbary

7.1  Etiology of Chronic Wounds

The consequence of this heterogeneity is that there is no uniform and clear 
wound definition; the classification rather depends on the specialist’s perspective. 
The German guideline “wounds and wound treatment” e.g. defines chronic wounds 
as wounds that persist for more than 2–3 weeks [1]. The German guideline “local 
therapy of chronic wounds”, however, defines chronic wounds as a loss of skin 
integrity including one or more subcutaneous structures and without healing signs 
within 8  weeks [2]. For this reason a variety of wound classifications exist 
(Table 7.1).

In general, a wound can be defined as any tissue destruction which is accom-
panied by the loss of tissue. Thus, wounds comprise a very heterogeneous 
group, which is indicated by a plethora of wound classifications.
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A skin erosion is a wound that only affects the epidermis and heals without any 
residues. An excoriation is defined as skin tissue damage down to the epidermal- 
dermal barrier where the papillary valleys are still present. From these reservoirs of 
kerationocytes re-epithelialization can occur resulting in a scar-free healing of 
 excoriations. However, pigmentary changes with hyper- and hypo-pigmentations 
often remain as visible signs of former excoriations.

There is no limitation to the depth of an ulceration; an ulcer can expose muscles, 
tendons, and even bone tissue [3]. Causes of such ulcers include circulation disor-
ders, infections, immunological phenomena, and tumors or combinations of thereof.

An ulcer or skin ulceration is defined as a deep skin tissue damage which 
goes down to at least the subcutaneous tissue and at which the healing is always 
entailed by scar formation due to the complete loss of basal keratinocytes.

Another wound categorization classifies acute and chronic wounds depending 
on the duration of the tissue damage.

Table 7.1 Classification of wounds  • Form/structure
 • Open/closed wound
 • Acute/chronic wound
 • According to type:
   – Scrape: tangential pressure (excoriation)
   – Laceration: blunt force
   – Contused wound: blunt force
   – Lacerated wound: frayed wound edges
   – Cut: sharp
   – Stab wound: spiky
   – Bite: often bacterially colonized
   – Gun shot wound
 • According to cause:
   – Infected wound
   – Mechanical pressure
   – Thermal
   – Chemical burn
   – Radiation-induced

Wounds can be classified according to their form or structure, as open or 
closed wounds, or according to their depth.

R. Tiede et al.
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Often, a combination of the above mentioned classifications is used: Acute 
wounds—according to their structure—can be classified as scrapes, lacerations, 
contused wounds, lacerated and bite wounds, stab wounds, bullet wounds, and oth-
ers. Chronic wounds which persist for several weeks up to years are often classified 
in combination with their cause: mechanical, pressure, thermal, chemical burn, 
radiation-induced, or infectious [1, 2].

In the following we will focus on skin wounds that result from malnutrition of 
skin cells and on the effects of cold atmospheric pressure plasma on those wounds.

Constant tissue pressure can occur when someone is bedridden. Typical pressure 
points such as the buttocks or the heels then experience a reduced microcirculation 
in the papillary capillaries due to the body weight. Another cause of reduced 

The most common causes of skin wounds are venous and/or arterial circula-
tion disorders, diabetes, or constant tissue pressure.

Constant tissue pressure lead to an impaired perfusion of the papillary 
 capillaries. This results in a malnutrition of skin cells; inter alia causes a 
reduced nutrient supply of epidermal keratinocytes by diffusion. Eventually, a 
decubital ulcers develops (Fig. 7.1).

Fig. 7.1 Decubitus at the heel due to constant tissue pressure
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microcirculation and malnutrition of the epidermis is the peripheral arterial occlu-
sive disease. Here, occlusion of arteries that deliver oxygenized blood to the leg 
results in reduced perfusion of terminal vessels and malnutrition of the skin affect-
ing the forefoot or the tip of the toes. This is also called the “principle of the last 
meadow” describing a necrosis when the oxygenized blood stream runs dry. The 
results are visible as typical skin ulcerations (Fig. 7.2).

The molecular causes of skin ulcerations due to diabetes are quite comparable to 
ulcers due to arterial occlusive diseases. Diabetes leads to neuropathic angiopathy, 
i.e. constriction of small arterial vessels (microangiopathy), also resulting in reduced 
perfusion of the papillary capillaries and therefore to skin ulcerations (Fig. 7.3). 
Varicose veins caused by dilated vessels also lead to venous ulcers at the lower leg 
caused by reduced perfusion (Fig.  7.4). In more detail, as a consequence of the 
venous stasis the bloodstream back to the trunk is impeded and a “backwater” of the 
blood down to the skin capillaries develops. This reduces the arterial afflux and, 
thus, impairs a sufficient nutrient supply to the epidermis [4].

A leg ulcer (ulcer cruris) defines a tissue defect in pathologically malnour-
ished skin of the lower leg.

Fig. 7.2 Plantar diabetic 
ulcer due to microangiopathy 
and diabetic neuropathy

R. Tiede et al.



131

80% of lower leg ulcers develop due to venous diseases [5]. Reports on the prev-
alence of leg ulcers vary between 0.3 and 1%, i.e. between 240,000 and 800,000 
patients in Germany [6, 7]. The prevalence of leg ulcers increases with increasing 
age and in most cases ulcers develop in 60–80 years-olds [8]. On average venous 
ulcers require about 24 weeks to heal. However, 15% of the ulcers never heal com-
pletely and after complete healing the recurrence rate is about 15–71% [9, 10]. The 
lifetime prevalence is up to 2% [5].

Depending on the definition the prevalence of peripheral arterial circulatory dis-
eases is estimated at 3–10% of the population. The percentage of patients with arterial 
circulatory disorders among 70-years-olds and older people rises to 15–20% [11].

With respect to diabetic foot syndrome and diabetic ulcers the prevalence is 
 estimated—according to country and study—at 2–6% of all diabetics. The annual 

Fig. 7.3 Arterial ulcer due 
to peripheral arterial 
occlusive vascular disease. 
Gangrene at the tip of the toe 
indicating the last grassland 
phenomenon
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incidence may also range between 2–6% of all diabetics [12]. The quality report 
2009 of the disease management program diabetes mellitus type II of the Association 
of Statutory Health Insurance Physicians in Nordrhein-Westfalen/Germany reports 
that 3.4% of 424,000 diabetic patients suffer from diabetic foot syndrome and a foot 
amputation is necessary in 0.8% of these cases [13].

Due to the high prevalence in the elderly population and the high treatment 
costs venous ulcers comprise a considerable socio-economic burden for the health 
 system. In Europe, about 1–2% of the total health care budget is spend for treat-
ments of venous diseases, which adds up to 600–900 million Euro for the Western 
European Countries [4, 6]. Mean costs of leg ulcer treatment are calculated to be 

Venous ulcers comprise a considerable socio-economic burden for the health 
system.

Fig. 7.4 Venous ulcer at the 
typical location on the inner 
malleolus, the area of 
highest venous pressure due 
to insufficiency of the Vena 
saphena magna
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9560 Euro per patient per year [14]. In Germany, total costs for the treatment of 
decubital ulcers, diabetic foot syndrome, and leg ulcers are estimated above 
five billion Euro per year [7]. Indirect costs, such as fitness for employment or 
early retirement, which additionally hamper patients’ quality of life, as well as the 
high risk for relapse worsen the situation even more. About 1.2% of all sick leave 
dependent nonproductive days are caused by venous diseases in Germany. And 
about 1% of all in- patients hospital costs relate to the treatment of venous leg 
ulcers [15]. In addition, the costs for the public health will rise in future as a con-
sequence of the demographic development with an increase of the elderly popula-
tion. Therefore, there is a great need for and high interest in developing novel and 
innovative therapeutic approaches to accelerate the wound healing process and 
optimize wound treatment.

7.2  Stages of Wound Healing

The human skin is one of the largest organs and serves as an important barrier to the 
exterior world. The skin protects our body from external environmental influences 
like ultraviolet (UV) radiation, chemical substances, and microorganisms. If the 
skin is damaged, almost immediately skin cells and immunological defense mecha-
nisms are activated, which initiate the process of wound healing. Small and superfi-
cial wounds usually heal very quickly. Larger and deeper wounds may need some 
more time to heal but, in general, can be well coped by the body if it is not strug-
gling with any other disease.

The normal process of wound healing is based on a variety of different mecha-
nisms including coagulation, inflammation, matrix synthesis, and deposition as well 
as angiogenesis, fibrosis, and tissue remodeling [16].

In the following the biologic course and the main components of the three wound 
healing phases will be described in more detail.

7.2.1  Hemostasis and Inflammation

If blood vessels are injured thrombocytes are recruited to the damaged wound area. 
These thrombocytes then come in contact with connective tissue components as col-
lagen and consequently activate blood coagulation, which stops the bleeding; this is 
also defined as hemostasis. The activated thrombocytes eventually release different 
signaling molecules like blood clotting factors or cytokines, the latter of which 

The physiological process of wound healing can be divided into three phases: 
Hemostasis and inflammation (cleaning phase), re-epithelialization, and 
remodeling.
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initiate the inflammatory process within the wound. Here, the signaling molecule 
platelet- derived growth factor (PDGF) plays an important role. Upon PDGF release 
from the thrombocytes neutrophils, macrophages, fibroblasts, and muscle cells are 
attracted and migrate into the wound milieu. Additional growth factors like trans-
forming growth factor beta (TGF-β) lead to further chemotaxis of macrophages, 
fibroblasts, and muscle cells. TGF-β also activates macrophages, which then secrete 
additional signaling molecules like fibroblast growth factor (FGF), PDGF, tumor 
necrosis factor alpha (TNF-α), or interleukins (IL). TGF-β furthermore activates the 
expression of collagens and suppresses the collagenase activity [17]. During the later 
phases of this inflammatory process neutrophils become active, which clean the 
wounds from eliminating germs, destroyed tissue matrix, and dead cells by secreting 
matrix metalloproteinases (MMPs) and elastases [18–20]. Mast cells release amines 
and enzymes, which digest surrounding vessels to allow for an accelerated transport 
of additional cells into the wound milieu. This results in cellular and edematous 
swelling and the typical inflammatory symptoms as calor and rubor [17, 21]. In par-
allel, monocytes differentiate into special wound macrophages and support the clean-
ing process of the wound. They also release PDGF and TGF-β to intensify chemotaxis 
of fibroblasts and muscle cells [22].

7.2.2  Re-epithelialization

During the re-epithelialization phase keratinocytes play a dominant role in 
 reconstituting the normal epidermal skin layers and the skin barrier to prevent 
 transepidermal water loss. For that, keratinocytes must migrate over the wound area 
and proliferate there. In the intact skin basal keratinocytes are connected via hemides-
mosomes with the basal membrane, whereas in suprabasal epidermal layers cell- cell 
contacts of adjacent keratinocytes are formed by desmosomes. These cell contacts 
have to be decomposed during re-epithelialization to allow the migration of keratino-
cytes into the wound and their proliferation as well as their differentiation to recon-
stitute the epidermal layers [23, 24]. Besides keratinocytes, other cell types like 
fibroblasts, immune cells, or macrophages are active during this re- epithelialization 
phase. Each cell type releases a distinct set of signaling molecules including growth 
factors, integrins, chemokines, or metalloproteinases. These factors mediate the 
strictly directed epidermal remodeling at the wound site. Fibroblasts play an 
 important role because they release high concentrations of TGF-β, which trigger the 
expression of metalloproteinases, collagen, proteoglycanes, and fibronectin. 
Additionally, protease inhibitors are stimulated and simultaneously the release of 
proteases is reduced [25, 26]. Further details regarding the biologic mechanisms of 
wound healing mediated by keratinocytes can be found in the review of Pastar et al. 
[24]. The authors also depict structural and chemical changes of keratinocytes in 
chronic wounds.
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7.2.3  Remodeling

During the last phase of wound healing skin layers are remodeled including cellular 
connective tissue and blood vessels. Macrophages produce IL-10 that inhibits the 
chemotactic invasion of granulocytes as well as the release of IL-1β, monocyte che-
moattractant protein 1 (MCP-1), macrophage inflammatory protein 1 alpha 
(MIP-1α), IL-6, and TNF-α [27]. Additional growth factors are released from fibro-
blasts, macrophages, keratinocytes, endothelial cells, and thrombocytes (epidermal 
growth factor (EGF), TGF-α, vascular endothelial growth factor (VEGF), bFGF, 
TGF-β). Together, these processes lead to remodeling of connective tissue, neo- 
angiogenesis, and renewal of the skin layers. Surrounding cofactors like a reduced 
pH value and partial oxygen pressure as well as increased lactate levels play impor-
tant roles in the remodeling and the recruitment of blood vessels [17, 28, 29].

7.3  Modern Wound Therapy

The most common and promising standard therapy of ulcerations includes 
 repetitive debridements of the wound, i.e. removing necrotic and dead tissue. This 
can be done in different ways. The golden standard is the surgical removal with a 
sharp scalpel [30]. Other debridement techniques e.g. use ultrasonic waves for 
cleaning. The pulse-lavage system is a mechanical wound rinse where saline solu-
tion is being sprayed directly into the wound and onto tissue parts. Enzymatic oint-
ments are also used for debridements [30]. After successful removal of dead and 
necrotic tissue the wound is washed out with physiological saline solution and mod-
ern wound dressings are applied to keep the wound moist. In venous ulcers, which 
are caused by hypertension of the veins, a continuous compression treatment with 
compression stockings is usually used [31]. The greatest challenge in chronically 
infected wounds is to control the multipathogenic overload. Here, active dressings 

In any stage the healing process of a wound can be disturbed and may lead to 
a chronic wound condition.

The therapy of chronic venous ulceration includes the symptomatic therapy of 
the wound in addition to the causal therapy. The local wound treatment 
depends on the stage of wound healing. It is also based on the extent of the 
wound exudation, the extent of the bacterial colonization, and the location, 
size, and depth of the wound.
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such as antibiotic or antiseptic containing dressings (e.g. Fucidine® or Betaisodona® 
gaze) can be used to prevent a wound infection. In case of excessive use, however, 
resistance or allergies may develop. Further active dressings e.g. include silver ions 
(i.e. Silvercel®, Urgosorb® Silver, Aquacel® Ag), which have antimicrobial activity 
or growth factors (e.g. Regranex®) which are intended to stimulate the proliferation 
of skin cells. Furthermore, operations or skin transplantations may be necessary.

In physical terms plasma is defined as partially or completely ionized gas, which 
is why it is also considered as the fourth state of matter. In partially ionized gas, free 
charged carriers such as ions and electrons as well as neutral molecules are present. 
As a result of the directed movement of the charged carriers, plasma contains elec-
tric current. Furthermore, different types of radiations are generated in the plasma 
by spontaneous emission of excited atoms, ions or molecules, such as VUV and 
optical radiation (UV, VIS, IR), which leads to the characteristic glow of the plasma. 
It can be generated at different temperatures and pressures so that a variety of dif-
ferent plasma sources are available [32–34].

Because of the bactericidal effect, the use of hot plasma has proved to be an 
effective method for sterilizing e.g. of medical devices and implants, but also for the 
cauterization and cutting of tissue [35–38]. The sterilization or disinfecting effect is 
based on the interaction of the individual plasma components [39]. Furthermore, 
plasmas has been used for a long time for coagulation purposes [36, 40].

7.3.1  Cold Atmospheric Plasma Devices for Medical Use

So-called biocompatible, cold plasma sources, operating with temperatures of less 
than 40 °C, allowed the direct application of biological tissues [38, 41, 42]. Many 
research groups started to investigate this promising technology. These groups 
needed an interdisciplinary approach, which have brought together researchers 
from plasma physics, chemistry, technology, microbiology, biochemistry, biophys-
ics, medicine, and hygiene. Many of these groups focused on interactions between 
plasma and biological materials [38, 42, 43].

Current research mainly investigate the application of cold plasma under atmo-
spheric pressure. Numerous in-vitro and in-vivo studies already demonstrated the 
antimicrobial potential of plasma not only against individual pathogens, but also 
against resistant microorganisms as well as biofilms [44–50]. Daeschlein et al. [51] 
showed the efficacy of plasma against most pathogens of wound infections in-vitro. 
Cultured bacterial mixtures taken from the human skin were inactivated within a few 
seconds by dielectric barrier discharge (DBD) treatment [52]. The bactericidal effect 
of plasma was also shown in-vivo; the skin of mice was sterilized by the application 

Plasma medicine is a very promising and innovative approach to treat chronic 
wounds.
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of plasma without harming the animals [38]. The treatment of artificially contami-
nated pig eyes led to a significant reduction in bacterial load without any histological 
damages detectable [53]. Antiseptic treatments are extremely important for infected 
wounds, because in such wounds the healing process is impaired and therefore can-
not proceed correctly. It is well known, that microbial colonization of wounds delays 
or prevents the wound healing process [54], resulting in the development of a chronic 
condition. Plasmas can act as very good superficial antibiotic/antiseptic due to its 
previously described properties and, thus, it is not surprising that these properties are 
already used for treatments of superficial disease, especially like e.g. chronic wounds 
that are negatively affected by bacteria.

So far, the standard therapy of infected ulcerations is based on topical or sys-
temic antibiotic therapy. Besides the allergic potential which can be developed by 
patients against the antibiotics, an additional major drawback is the development of 
resistance. Here, plasma therapy combines two advantages: (1) the effective elimi-
nation of multi-resistant germs and (2) it is extremely unlikely that microorganisms 
will develop resistance against plasma due to its physical-chemical properties. 
Further advantages of plasma treatments are the non-invasive and painless applica-
tion, as well as its gaseous state, which allows the penetration into smallest areas, 
e.g. the marginal area of fistulated ulcers. Recently it was shown that plasma even 
promotes proliferation of endothelial cells by stimulating angiogenesis through the 
release of growth factors [55]. Furthermore, there is evidence that the use of plasma 
influences the pH value [56, 57], which also may be of advantage in wound therapy. 
It is well known, that the body naturally responses with acidification of wounds 
upon skin injury [58]. Moreover, the pH value in the environment of chronic wounds 
influences numerous factors of wound healing. This is e.g. utilized in the therapeuti-
cally induced acidosis within the wound bed.

Arndt et  al. [59] showed that atmospheric low-temperature plasma (produced 
with the device MicroPlaSter β) positively influences the expression of several 
 factors relevant for wound healing. In-vitro, pro-inflammatory cytokines and growth 
factors were stimulated or activated, such as IL-6, IL-8, MCP-1, TGF-β1, and TGF-
β2. Furthermore, migration rates of fibroblasts were increased by plasma whereas the 
proliferation rate of fibroblasts were unaffected in the study. Pro-apoptotic and anti-
apoptotic markers remained unchanged. However, expression rates of type I collagen 
and alpha- smooth muscle actin (alpha-SMA) were increased. Similar observations 
were made in in-vitro and in-vivo experiments on keratinocytes [60]. Increased 
expression rates of IL-8, TGF-β1, and TGF-β2 were induced by plasma (with the 
MicroPlaSter β). Here, the proliferation and migration of keratinocytes were 
unaffected.

Cold atmospheric pressure plasma has an antibacterial effect, can promote 
tissue generation, and enhance blood flow.
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So far, no side effects were reported for plasma applications. Experiments with 
mice, ex-vivo studies on pig skin and human skin biopsies, as well as in-vitro experi-
ments on living human cells showed no cell damage (necrosis) after plasma treat-
ments [38, 49, 61–63].

7.4  Clinical Trials on Chronic Wounds and Ulcers

In two randomized controlled clinical phase II trials, patients with chronic infected 
wounds of different etiology received plasma treatments, in addition to the daily 
modern wound treatment (Fig.  7.5) [64, 65]. The patients acted as their own 
control.

Up today, no side effects could be detected after cold atmospheric pressure 
plasma applications.

Fig. 7.5 Treatment of a 
leg ulcer with the 
MicroPlaSter β. (after 
Isbary et al. [65] with 
reprint permission)
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Plasma was applied using one of two different indirect plasma devices 
(MicroPlaSter α and MicroPlaSter β) over 2 or 5 min. Irrespective of the device used 
and the treatment duration, significantly higher reduction rates of bacteria were 
achieved in plasma-treated wounds (Fig.  7.6) without any side effects for the 
patients in both studies.

A retrospective randomized controlled trial demonstrated the beneficial effect of 
indirect plasma treatment (with the MicroPlaSter α) in a patient group with chroni-
cally infected ulcers of different etiology [66]. The patients were divided into three 
groups and treated with plasma between 3 and 7 min. In the most heterogeneous 
group (different ulcers and different treatment times), no significant differences in 
wound width or length were measured. However, in the more homogenous two 
groups (chronic venous ulcers treated with for different application times and 
chronic venous ulcers treated for 5 min) significant reductions in wound width were 
detected.

Despite the limitations of this retrospective study, these results suggest for 
the first time that plasma can accelerate wound healing in patients with chronic 
ulcers.

Other bacteria 9%
Acinetobacter 1%

Corynebacteria 2%

Micrococcus 1%

Pathogene 
streptokokken 7%

Enterococcus 8%

Enterobacteriaceae 
18%

Stenotrophomonas
 3%

Coagulase-negative
streptococci 18%
(normal skin flora)

Methicillin-resistenter
S. aureus 3%

Staphylococcus 
aureus 13%

Pseudomonas 
aeruginose 17%

Fig. 7.6 Bacterial strains that were detected in-vivo on chronic colonized wounds (Isbary et al. [64] 
with reprint permission)
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These results were supported by a prospective randomized placebo controlled 
clinical trial on acute wounds [67]. Forty patients with skin graft donor sites on the 
upper leg were randomized and either treated with plasma (MicroPlaSter β) or 
placebo (argon gas) for 2 min. Positive effects were observed in terms of improved 
re-epithelialization, fewer fibrin layers, and blood crusts, whereas wound sur-
roundings were always normal, independent of the type of treatment. In general, 
the treatment was very well tolerated and no side effects occurred. This trial on 
acute wounds demonstrated that cold, biocompatible plasma has beneficial effects 
even in the absence of pathogens and is therefore not limited to infected or chronic 
wounds.

In the meantime, some devices that generate cold atmospheric pressure plasma 
are approved for the treatment of chronic wounds as a medical device and gained a 
CE certification; i.e. the kINPen® MED device (INP Greifswald/neoplas tools 
GmbH, Greifswald) (Fig. 7.7) and the PlasmaDerm® device from CINOGY GmbH 
in Duderstadt (Fig.  7.8). Clinical trials were also conducted with these devices, 
demonstrating positive effects related to wound healing [68, 69].

Fig. 7.8 PlasmaDerm® 
(CINOGY GmbH, 
Duderstadt)

Fig. 7.7 kINPen® MED 
(neoplas tools GmbH, 
Greifswald)
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The aim of the study by Brehmer et al. [68] was to demonstrate the safety and 
efficacy of plasma application in chronic venous ulceration in the clinic as an add-
 on therapy to the standard wound therapy.

In the monocentric, two-arm, randomized, and controlled pilot study seven patients 
with venous leg ulcers were treated over a period of eight weeks, three times a week, 
for 45 s/cm2 wound area with the PlasmaDerm® device and in addition to the standard 
care. Seven other patients only received the standard wound therapy. The standard 
therapy included repeated debridements of the wound, wound washing with physio-
logical saline solution, and application of a modern wound dressing (Mepitel® or 
Mepilex®) to keep the wound moist, as well as a continuous compression treatment 
with compression stockings (Ulcer X®) to prevent hypertension of the veins [31].

Beside the significantly higher reduction of bacterial load immediately after 
plasma application there was no difference detectable in the relative wound sizes 
between the two compared patients’ groups. However, the mean initial wound size 
was larger in the plasma group and plasma treated wounds showed a greater abso-
lute decrease until the end of the treatment period (Fig. 7.9a). In three patients the 
ulcer reduced of about 50%.

It is important to mention that patients of the plasma group reported less pain 
during the therapy and the plasma therapy received a positive assessment by doc-
tors, too. Despite the low number of patients, it can be stated that the plasma treat-
ment with the PlasmaDerm® device was safe and feasible.

Another clinical pilot study used a plasma jet device (kINPen® MED) on patients 
with multiple chronic venous ulcers [69]. Results demonstrated that the wound 
healing was not negatively influenced by the plasma jet, but the device was only 
partially suitable for large ulcers. Due to the thin plasma effluent streaming out of 
the device the application is very spot-like with a small exposure area. Therefore, 
small-size wounds were chosen for plasma treatments, which, however, makes the 
interpretation of the results more difficult. Upcoming clinical studies are intended to 
re-evaluate the effect with a device adapted for larger wound surfaces.

Regarding the efficacy of the plasma application, there was a significant reduc-
tion in bacterial load in the wound immediately after plasma application.

The only patient with a complete cure of the ulcer was in the plasma group 
(Fig. 7.9b).

Further prospective clinical trials with large patient groups and sufficient sta-
tistical power are necessary to confirm the demonstrated first positive clinical 
effects of the plasma on accelerated wound healing.
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7.5  Safety and Efficacy Aspects for Comparison 
and Standardization of Medical Plasma Devices

The huge potential of cold atmospheric pressure plasma for the treatment of wounds 
has been widely demonstrated in clinical in-vivo and in-vitro studies as outlined 
above [52, 64, 65, 68, 70–72]. Along those studies fast track developments of medi-
cal plasma devices occur. This leads to a fast rising availability of different plasma 
devices that are already licensed as medical product or strive towards gaining one. 
Not all of these already commercially available plasma devices carry the CE label 
necessary in Europe for a medical device to be applied on humans. As mentioned 
above, the devices kINPen® MED and PlasmaDerm® already obtained the CE 

Fig. 7.9 Assessment of ulcer size in cm2 by Visitrak®. (a) The median ulcer sizes in the plasma 
and standard group in cm2; BL: baseline; V: Visit (3 visits per week); W: week after baseline. (b) 
Ulcer at baseline and (c) just before closure at week 7 (plasma treatment in addition to modern 
wound care; after Brehmer et al. [68] with reprint permisssion)
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certification of the category IIa in 2013. In conformity with the EU guidelines 
 93/42/EWG and 90/385/EWG this guarantees the safety in use of the devices and 
confirms that they are medically and therapeutically efficient. Potential side effects 
during application are not excluded by these guidelines.

As plasma is composed of different biologically active components, already 
existing guidelines and threshold values, e.g. for UV radiation, electrical current, or 
reactive gas species like ozone, are utilized for safety evaluations. Some studies and 
publications already addressed the issue of risk assessment of medical plasma 
devices [33, 72–74] and additionally suggested some plasma-specific parameters as 
well as biomedical efficacy criteria that should be assessed to allow for a compre-
hensive evaluation of safety and efficacy of new plasma devices.

Based on the basic characterization the best possible therapeutic use of a plasma 
device can be determined. In Table 7.2 the plasma-specific test systems after the 
DIN-SPEC 91315 are listed and briefly described.

However, the DIN-SPEC does not include tests for the assessment of genotoxic 
and mutagenic potentials of plasma. Several studies already showed that the DNA 
indeed is damaged by plasma due to reactive gas species and UV radiation, but 
especially due to reactive oxygen species (ROS). ROS-mediated direct oxidative 
DNA damage can be expected upon plasma treatment [76–79]. However, in all stud-
ies isolated DNA dissolved in aqueous solutions were exposed to the plasma. This 
allowed a direct impact of ROS and UV on DNA and resulted in strand breaks, 
exchange of base pairs, or complete fragmentation of DNA. A recent review by 
Arjunan et al. [80] describes in detail potential DNA damages due to ROS and reac-
tive nitrogen species (RNS) as well as the impact of plasma on isolated and cellular 
DNA. This potential genotoxic property of plasma regarding long-term therapeutic 
side effects is of quite importance. If too much DNA damages accumulate in the cell 
it will initiate apoptosis (programed cell death). If, however, DNA lesions manifest 
as DNA mutations the cell may likely undergo tumorigenic transformation. 
Therefore, in addition to the suggested test systems in the DIN-SPEC 91315 assays 
and tests have to be developed and composed regarding the mutagenic potential of 
medical plasma devices. The work of Tiede [81] presents a compilation of test 

World-wide there is only one pre-norm available in accordance with the 
German standardization guidelines (DIN institute) that presents plasma- 
specific parameters for a safe and effective medical use of plasma devices: 
DIN-Specification 91315 “General requirements for plasma sources in medi-
cine” [75]. This document can serve as a starting point for the development of 
an international plasma-specific guideline including other, already existing 
physical, chemical, biological, and medical guidelines. The DIN-SPEC 91315 
includes physical and biological test systems for simple measurements of 
basic performance parameters to allow a first characterization of medical 
plasma sources and a comparison with other devices.
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systems that allow for a detailed genotoxic and mutagenic evaluation of plasma 
sources using human skin fibroblasts.

Results on isolated DNA revealed a plasma dose-dependent genotoxicity and 
a plasma specific mutagenicity (different in comparison with UVC radiation). 
Plasma treatments of cellular DNA within the fibroblasts during treatments 
induced mutation frequencies similar to the spontaneous one.

Table 7.2 Test criteria according to DIN-specification 91315

 • Physical and technical criteria
    –  Temperature: Should be below 40 °C to prevent thermal damage of biological 

materials. Temperature measurements over the entire plasma area can be performed 
with a fiber optic temperature detector

    –  Thermal power: To sustain a constant power of the device during the treatment time, 
the time-dependent heating of a substrate (e.g. copper plate) should be measured. The 
thermal power can be calculated according to

   
P m c

T

Tw= ´ ´
D
D

    (P = thermal power; m = mass of the substrate; cw = heating of the substrate [J/(kg × K)]; 
∆T/∆t = time dependent heating of the substrate)

    –  Artificial optical radiation: Using optical emission spectrometry the emission within 
200–900 nm should be measured. Radiation within the ultraviolet range (200–400 nm) 
is especially important as it leads to DNA damage

    –  Gas emission: The quantification of potentially toxic gases produced by plasma should 
be measured according to DIN EN ISO 12100, e.g. O3 or H2O2 which can damage 
mucosal skin and especially the respiratory tracts

    –  Electrical current: According to DIN EN 60601-1 and DIN EN 60601-2-57 different 
electric currents should be measured to avoid electrical harm

 • Biological criteria
    –  Inactivation efficacy against microorganisms: Especially for wound treatments with 

plasma the antimicrobial activity is of importance and should be measured using the 
inhibition zone test as well as the germ reduction test by treatment of cell suspensions 
with five different microorganisms (Staphylococcus aureus, Staphylococcus 
epidermidis, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans)

    –  Cytotoxicity: Exclusion of skin cell damage is mandatory for plasma application. Thus, 
a plasma dose-dependent cytotoxicity against the human fibroblast cell line GM00637 
should be assessed applying MTS or MTT test systems

    –  Plasma-induced ROS and RNS production in liquids: The biologic efficacy of a plasma 
source strongly depends on the type and amount of reactive gas species generated. The 
plasma-induced concentrations of nitrite and nitrate should be assessed according to 
DIN EN 26777 and DIN 38405-9 in water or phosphate-buffered saline as well as the 
concentration of H2O2 according to DIN 38409-15. Additionally the change of the 
pH-value (acidification) of the fluid should be assessed
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However, further investigations are necessary for verification as the mutagenic 
potential of both tested plasma sources (i.e. kINPen® MED and μs-pulsed DBD) 
could not be excluded [81]. Nonetheless, since 2013 plasma is used by an increasing 
number of doctors to treat chronic wounds and no single long-term side effect includ-
ing carcinogenicity was reported so far. This adds to the notion of the in-vitro tests 
systems that there is no carcinogenic risk of plasma used in the current settings.

In summary, future developments of medical plasma devices should be carried 
out following standardized processes along with plasma-specific criteria and guide-
lines. Moreover, it is crucial to clinically and experimentally monitor potential long- 
term side effects of plasma applications. Specific international guidelines for 
medical plasma devices seem, therefore, mandatory.
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8.1  Introduction

Thermal atmospheric plasma has been established for several decades in medical 
technology (including surface conditioning, technical sterilization and disinfection) 
and direct application to biological tissue (including electro-surgery) [1, 2]. Based on 
technological progress various concepts for generation of cold atmospheric plasma 
(CAP) have been developed in recent years [3–5]. Within a biomedical application 
horizon that is constantly growing in theory as well as in practice, wound therapy 
similarly as the handling of infectious skin diseases are one of the best investigated 
treatment indications. Despite the fact that the subcellular, immunological and molec-
ular biological signaling cascades, mechanisms and interactions between plasma and 
tissue are not completely understood yet, a wide antimicrobial and wound healing 
promoting potential is demonstrated in several in vitro and in vivo studies [6–11]. The 
combination of antimicrobial efficacy and high biocompatibility within the scope of 
wound healing disorders and by infections endangered skin and mucous membrane 
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allows to consider, that the innovative technique of plasma medicine should not only 
be used to reduce an existing pathology but also as part of prevention measures.

8.2  Role of Surgical Site Infection (SSI)

Despite an enormous improvement in surgical techniques, sterilization methods, phar-
macological prophylaxis and an increasing pathophysiological understanding of 
wound healing in the last decades, surgical site infections are among the most com-
mon healthcare-associated nosocomial infections [12, 13]. Notwithstanding differ-
ences regarding incidence and prevalence, SSIs occur not only in low-income 
developing countries but as well represent an important epidemiological burden in 
high-income countries that affect millions of people worldwide [14–16]. SSIs are 
infections that occur in or next to the surgical incision during the first 30 days after 
surgery (if an implant is inserted up to 1 year), and can inter alia be classified clinically 
based on their anatomical depth (incisional (superficial or deep) or organ/space) [17].

Surgical site infections are directly associated with increased morbidity and mor-
tality in all surgical disciplines [12, 18, 19]. For affected patients these circum-
stances are frequently connected with an extension of pain and functional limitations, 
prolonged hospital stay, recurrent surgeries or death as a result of progressive, sys-
temically spreading infection in the worst case. Demographic change and closely 
associated conditions like a rising number of surgical interventions (especially in 
the ambulant sector), multimorbidity and polypharmacy as well as the growing 
challenge of global microbial resistance problems are directly linked to an increased 
expenditure for diagnostic and treatment [20–23]. Many studies have shown a wide 
range of variables like surgical procedures, variances in inclusion of certain cost 
items as well as differences in methods and design of performed studies. Concerning 
the impact of health economics these studies and variables are hardly to compare. 
While there exists an undeniably estimated number of unknown SSI cases on the 
one hand and although there is no widely accepted method to evaluate healthcare 
costs due to complications on the other hand, it is highly evident that SSIs are 
responsible for a substantial increase in healthcare-related costs [24–26].

8.3  Risk Factors

Pathogens that are directly related to SSI can be of endogenous or exogenous origin. 
The most pronounced risk lies in the time between surgical cutting and wound clo-
sure [27, 28]. A major exogenous factor is the pathogen spectrum. Especially the 
resident flora of the patient is of particular importance [29, 30]. With regard to the 
most common pathogens, a clear dependence on the type of surgical intervention 
performed is shown. In consideration of the distribution shown in Table.  8.1, it 
becomes clear that the body’s physiological flora, which is also referred as standard 
flora, carries a significant proportion of causative pathogens. Overall, the percent-
age of multi resistant organisms in context of wound infection has been increasing 
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for decades [31, 32]. Quantitatively it could be shown that a microbial colonization 
of >105 microorganisms per gram of tissue significantly enhances the risk of devel-
oping surgical site infections [33]. In addition to the large microbiological risk com-
ponent there are various other predisposing factors that can also impact the risk of 
SSI [34–40]. Knowledge about certain dependent and independent risk factors 
allows the implementation of an adequate risk assessment as well as conception and 
use of targeted prevention and therapeutic measures. Table. 8.2 shows an overview 
of selected risk factors.

8.4  Preventive and Therapeutic Strategies

Based on the enormous personal and economic consequences, the need for appro-
priate preventive and therapeutic strategies is rising. It has been estimated that 
approximately half of SSIs are preventable by the use of evidence-based strategies 
[13]. Considering individual and general risk factors, this requires a combination of 
different interdisciplinary preoperative, intraoperative and postoperative approaches 
including risk reduction of bacterial colonization as a key challenge. It was shown 
that such approaches can cause a significant reduction in SSI rates in numerous 
surgical disciplines and patient-specific subpopulations. Beside basic hygienic mea-
sures like hand disinfection, also professional treatment of medical devices, weight 
reduction, smoking cessation, risk-adjusted screening and remediation measures, 
nutritional supplementation, pharmacological adjustments as well as various mea-
sures to prepare the patient and the surgical site for the upcoming surgery are impor-
tant in preoperative setting [41–45]. Furthermore, there was shown an increased 
significance for intraoperative factors such as skin antiseptic, antimicrobial 

Table. 8.2 Selection of various risk factors that affect SSI occurrence

Preoperative Perioperative Postoperative
General
  • Low/high age
  • Malnutrition
  • Obesity
  • Nicotine/alkohol
  •  Local and systemic 

infections
  • ASA-Score >2
  • Cortisone therapy
Comorbidities
  • Diabetes mellitus
  •  Renal insufficiency 

(requiring dialysis)
  •  Disease of blood 

forming system
  • Liver disease
  • Cytotoxic therapy

General
  •  Insufficient disinfection of 

hands and operations area
  •  Deficient sterilization of 

instruments and implants
  • Hypothermia
  • Hypoxia
  •  Mismatching perioperative 

antibiotic therapy
Operation specific
  • High NNIS-Score
  •  Delayed or extended 

operation time
  •  Type of operation (e.g. 

emergency, recurrence, 
contaminated, infected)

  • Surgical technique
  • Expertise of the surgeon

General
  • Inadequate wound care
  • Drains
  •  Improperly prolonged 

parenteral nutrition
  •  Not indicated 

prolongation of systemic 
antibiotic therapy

  • Stress ulcer
  •  Incorrect adjusted blood 

glucose
  • Pain
  • Hypothermia
  • Hypoxia
  •  Numerous preoperative 

risk factors

ASA Classification of the American Society of Anesthesiologists, NNIS National Nosocomial 
Infections Surveillance Score
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prophylaxis, surgical techniques, measures for the reduction of dead space, and 
monitoring acid-base and electrolyte balance as well as blood and glycemic control 
under anesthesia [46–50]. By definition the risk of SSI can persist for up to 30 days 
after a surgical operation (1 year if the patient has received an implant) and a signifi-
cant proportion (12–84%, depending on study) of SSIs are first detected after the 
patient has been discharged from hospital [51]. Accordingly, there are various 
evidence- based strategies in the postoperative period which essentially comprise 
type and duration of antimicrobial prophylaxis as well as wound management [52–
56]. Current recommendations come from worldwide leading institutions such as 
World Health Organization (WHO) and Center for Disease Control and Prevention 
(CDC) [12, 13]. The latest version of CDC Guideline for Prevention of Surgical Site 
Infection (2017) provides updated and new recommendations for prevention of sur-
gical site infection. Table. 8.3 gives an overview about actual recommended strate-
gies. Focusing on a few selected areas this updated version is intended to be used by 
surgeons, physician assistants, perioperative nurses and other allied perioperative 
assistive personnel as well as persons who are responsible for developing, imple-
menting, delivering, and evaluating infection prevention.

Table. 8.3 In 2014 by HICPAC reviewed and suggested strong recommendations (mod.) of CDC 
(1999), that should be accepted as practice for preventing surgical site infections [61]

Preparation of the 
patient

  •  Identify and treat all infections remote to the surgical site before 
elective operations and postpone elective operations on patients 
with remote site infections until the infection has resolved

  •  Do not remove hair preoperatively unless the hair at or around the 
incision site will interfere with the operation. If hair removal is 
necessary, remove immediately before the operation, with clippers

  •  Tobacco cessation for a minimum of at least 30 days before 
elective operations

  •  Skin around the incision site should be free of gross 
contamination before performing antiseptic skin preparation

Hand/forearm 
antisepsis for 
surgical team

  •  Perform preoperative surgical hand/forearm antisepsis according 
to manufacturer’s recommendations for the product being used

Operating room 
ventilation

  •  Maintain positive pressure ventilation in the operating room and 
adjoining spaces

  •  Maintain the number of air exchanges, airflow patterns, 
temperature, humidity, location of vents, and use of filters

Cleaning and 
disinfection of 
environmental 
surfaces

  •  Do not perform special cleaning or closing of operating rooms 
after contaminated or dirty operations

Reprocessing of 
surgical instruments

  •  Sterilize all surgical instruments according to published 
guidelines and manufacturer’s recommendations

  •  Immediate-use steam sterilization should never be used for 
reasons of convenience, as an alternative to purchasing additional 
instrument sets, or to save time (exception: patient care items that 
will be used immediately in emergency situations when no other 
options are available)

(continued)
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Surgical attire and 
drapes

  •  Wear a surgical mask that fully covers the mouth and nose when 
entering the operating room if an operation is about to begin or 
already under way, or if sterile instruments are exposed 
(throughout the operation)

  •  Wear a new, disposable, or hospital laundered head covering for 
each case, when entering the operating room and ensure it fully 
covers all hair on the head and all facial hair not covered by the 
surgical mask

  •  Wear sterile gloves if serving as a member of the scrubbed surgical 
team and put on sterile gloves after donning a sterile gown

  •  Use surgical gowns and drapes that are effective barriers when 
wet (i.e., materials that resist liquid penetration)

  •  Change scrub suits that are visibly soiled, contaminated, and/or 
penetrated by blood or other potentially infectious materials

Sterile and surgical 
technique

  •  Adhere to principles of sterile technique when performing all 
invasive surgical procedures

  •  If drainage is necessary, use a closed suction drain
  •  Place a drain through a separate incision distant from the 

operative incision and remove the drain as soon as possible
Post-op incision care   •  Protect primarily closed incisions with a sterile dressing for 

24–48 h postoperatively

Table. 8.3 (continued)

8.5  CAP as Part of Anti SSI Strategy

Summarizing all scientifically and clinically evidence based findings, there is a con-
siderable common intersection between preventative and therapeutic anti SSI 
approaches and the indications and potentials of clinical use of cold atmospheric 
plasma. Particularly against the background of best possible reduction of bacterial 
load as a key challenge, different approaches result for plasma medicine.

8.5.1  Current Clinical Applications

In head and neck surgery a fundamental perioperative risk for occurrence of surgical 
site infection is closely related to the typically high proportion of facultative patho-
gens, particularly in the area of the oral cavity, oropharynx and hypopharynx.

Besides the essential tumor resection the removal of cervical lymph nodes is 
another important part of surgical first-line therapy of head and neck tumors. During 
surgery a temporary connection between oral cavity, tumor mass and neck wound is 
not uncommon. Due to the high risk for spreading of microbiological colonization 
(intra- and postoperatively) with a subsequent increased hazard for SSI, we applied 
CAP with the intention of reducing the microbial load (Fig. 8.1, currently treatment 
of ten patients completed).

Furthermore, tracheostomies and their surgical closures are occasionally associ-
ated with postoperative wound infections. Consequently we started to support early 
wound healing by daily application of cold atmospheric plasma (Fig. 8.2, currently 
treatment of five patients completed).

R. Rutkowski et al.
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Donor site wound healing disorders after raising of radial forearm flap for recon-
structive surgery in context of tumor surgery represents another indication for 
plasma treatment (Fig. 8.3, currently treatment of four patients completed). Ideally 
suited for reconstruction of orofacial defects with good functional and cosmetic 
results, this fasciocutaneous flap is often criticized for donor site complications and 
morbidity [57].

Moreover, we increasingly use CAP for patients who underwent abdomino-
plasty. Following significant weight loss, patients show residual problems due to the 
redundant skin and functional restriction. Several studies identified independent 
risk factors for development of SSI and consequential prolonged hospital stay [58, 
59]. In addition to general risk factors resulting from different comorbidities (i. a. 
diabetes mellitus, immunosuppression, smoking), abdominoplasty-specific vari-
ables increase the overall risk. These include hygienic difficulties, insufficient 
microcirculation in fat tissue and chronically recurring skin infections. We started to 
support early wound healing from the first postoperative day after abdominoplasty 
(Fig. 8.4).

Fig. 8.1 Reducing 
microbial load and 
supporting wound healing 
in early wound healing 
period after neck dissection 
by CAP (intraoperative 
setting immediately after 
wound closure)

Fig. 8.2 Application of 
cold atmospheric plasma 
after surgical tracheostomy 
closure
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In all cases plasma-specific combination of chemical and physical active compo-
nents was used for reduction of microbial load, stimulation of cell proliferation and 
optimizing wound healing. Plasma therapy was performed with kINPen© MED 
(neoplas tools GmbH, Greifswald, Germany). Application was carried out preop-
eratively in addition to the normal skin antiseptic (four slow sinusoidal pathways in 
the area of the planned incision) and was continued postoperatively for 7 days (2 
times a day, 10 s/cm2). Evaluation of wound healing including CAP impact on local 
quantitative microbial load and the aesthetic-reconstructive result, both from 
patient’s as well as observer’s view, were collected. Additionally hyperspectral 
imaging (HSI) was used to monitor and objectify the impact of CAP on microcircu-
lation in and around plasma treated area. Within the preoperative approach, analysis 
of microbial contamination was performed by quantitative microbiological tests in 
the incision area at different times (before skin antiseptics, after skin antiseptics, 
after surgical closure and at the time of first dressing change). The collected data 
were evaluated against comparative data without plasma therapy. Concerning a still 

Fig. 8.3 CAP treatment 
for donor site wound 
healing disorder after 
raising of microvascular 
radial forearm flap

Fig. 8.4 Application of 
cold atmospheric plasma in 
the area of the right 
abdomen after 
abdominoplasty
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ongoing data collection, the evaluation could not be completed yet. However, an 
interim evaluation already indicates various clinical advantages in the patient group 
treated with cold atmospheric plasma. These benefits include the following facts:

• Higher reduction of bacterial load in preoperative setting (added to normal skin 
antiseptic, publication under review)

• Efficient reduction of bacterial load in postoperative setting (quantitative com-
parison to the standard wound treatment still pending, publication under review)

• Reduction of postoperative pain level
• Shortening the period of wound healing
• Significant increased oxygen saturation superficially and deeply immediately 

after CAP treatment, lasting for a longer time (Plasma-associated impact on 
microcirculation exceeds the field of actual plasma application, publication 
under review)

• Decrease of functional rehabilitation time of the hand after CAP treatment on 
donor site of radial forearm flap

• Functional-aesthetic improvement of scars (analyzed by POSAS score)
• Sure indication for reduction of hospitalization (for example oncology patients 

could be treated more quickly with adjuvant therapy)

Both the preoperative as well as the postoperative CAP application could be 
performed without the occurrence of acute therapy-associated complications or side 
effects. A large amount of patients felt comfortable during the application of 
CAP. Current long time follow ups (between 6 and 60 months after last CAP treat-
ment) are without any sign of negative long-term side effects.

8.6  Summary and Future Prospects

Surgical site infections are one of the most common nosocomial infections world-
wide and impact the increase of morbidity and mortality as well as healthcare- 
related costs significantly. Exceeding the limit of actual health care system, there is 
the urgent need for additional and new evidence-based anti SSI strategies. Especially 
due to the central task of best possible reduction of bacterial load within anti SSI 
concept, cold atmospheric plasma could be the missing key for this complicated 
challenge. Plasma could be a solution for the lack of complete removal of the resi-
dent flora in deeper skin layers known for normal skin antiseptic. Own research 
results as well as numerous external studies illustrate the enormous potential of 
plasma medicine in context of anti SSI strategy. According to our clinical experi-
ence CAP can easily be integrated into the preoperative and postoperative setting. 
Especially in postoperative care there is the possibility of delegation, stationary as 
well as ambulant. Cross-sectional areas such as the interaction of plasma with liq-
uids, for example to increase the antiseptic effects, will expand current scientific 
and clinical questions. However, there is still a need for further evidence-based pro-
spective research to further on improve the clinical use of cold atmospheric plasma, 
extend existing indications and fulfill the integration into daily clinical practice.
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9.1  Introduction

Colorectal cancer (CRC) is the third most common cancer in the world and the sec-
ond leading cause of cancer death in the United States. In 2012 an estimated 103,170 
new cases of colon cancer and approximately 40,290 rectal cases were newly diag-
nosed with 51,690 related deaths from these combined cancers [1]. There is evi-
dence of peritoneal carcinomatosis (PC) in 8–10% of these patients at the time of 
diagnosis and 25% during the progression of their disease [2–5].

PC is associated with a poor prognosis. Patients are considered to have a terminal 
condition with a 6–10 month median survival time [2–7]. The standard treatment for 
advanced stage CRC and PC is systemic chemotherapy which is considered pallia-
tive with minimal improvement in patient survival. Advanced chemotherapeutic 
regimens such as FOLFOX have been reported to improve survival to a median of 
15.7 months [8, 9].

Cytoreductive surgery (CRS) combined with hyperthermic intraoperative perito-
neal chemotherapy (HIPEC) has evolved over the past 20 years as a new approach 
for the treatment of PC.  CRS is described as removal of gross tumor follow by 
HIPEC treatment. Despite limited evidence to support CRS and HIPEC, there are 
some reports that this new approach has reported beneficial results [10]. Although 
there are promising results, CRS and HIPEC is associated with a significant morbid-
ity, mortality, increase operating time, prolonged ICU care which results in an 
increase cost in patient care. This new multimodality approach is limited to several 
factors; age, extra abdominal disease (liver or lung metastasis), and peritoneal can-
cer index (PCI) which is the most common prognostic indicator and relies on the 
spread of the disease based on a scoring systems and the capability of complete 
removal of the gross tumor. PCI score calculates the spread of tumor in 13 areas of 
the abdomen in combination with tumor size. It ranges from 0 to 39 points.  
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An elevated score indicates significant increase tumor load [11]. Elias et al. [12] 
reported a 4 year survival rate of 44% if the PCI score is <6, score between 7 and 12 
(22%) and >19 (7%) respectively. CRS and HIPEC is not recommended if the PCI 
score is >20. Controversy still exists whether CRS and HIPEC is considered 
“experimental”.

Plasma medicine has qualified as a new scientific field after intense research 
effort in low-temperature or cold atmospheric plasma applications [13–15]. It is 
known that cold atmospheric plasmas (CAP) produce various chemically reactive 
species including reactive oxygen species (ROS) and reactive nitrogen species 
(RNS). CAP is a cocktail containing ROS and RNS in combination with transient 
electric fields, UV and charged species.

CAP has already been proven to be effective in wound healing, skin diseases, hos-
pital hygiene, sterilization, antifungal treatments, dental care, and cosmetics targeted 
cell/tissue removal [16–18]. One of the most recent applications of CAP is in cancer 
therapy [19–21]. Multiple studies have convincingly demonstrated that the CAP treat-
ment leads to selective eradication of cancer cells in vitro and reduction of tumor size 
in vivo. While most studies were done in vitro, some work was done in vivo [1–3, 7–
9]. Recently, clinical cases of CAP application in cancer therapy were presented at the 
2nd International Workshop on Plasma for Cancer Therapy in Nagoya (Japan) [22, 
23] and one of these studies involving 12 patients afflicted with advanced squamous 
cell carcinoma of the head and neck has been documented in a recent paper [24].

The authors report a novel treatment approach for peritoneal carcinomatosis sec-
ondary to colon cancer using Cold Atmospheric Plasma combined with chemo-
therapy, radiation and cytoreductive surgery.

9.2  Clinical Patients Descriptions

A 56 year-old female previously underwent a laparoscopic right hemi-colectomy on 
April 18th 2011 at a local hospital in Lanham, MD. Pathology revealed adenocarci-
noma, moderately differentiated with focal mucinous areas arising in villous ade-
noma at cecum proximal ascending colon and positive for one out of seven regional 
lymph nodes (T3N1M0). She was originally treated with adjuvant chemotherapy 
FOLFOX after primary resection but developed an allergic reaction to oxaliplatin 
toward the end of treatment. She received two courses of FOLFIRI. In December 
2012, CT scan revealed a solitary liver lesion and extensive tumors throughout the 
abdomen consistent with peritoneal carcinomatosis. She has a mutated K-ras (codon 
12). Her CEA was 3014.5, CA19-9 2682 on 11.27.13.

Patient was referred for consultation on November 2013. Her CT scan showed 
widespread peritoneal carcinomatosis Stage IVb (T3N1M1b). PET scan performed on 
November 2013 showed hepatic metastasis, numerous omental and abdominal wall 
masses, hyper-metabolic masses in the right lower quadrant next to the colon, mass 
at the ileocolonic anastomotic site intraluminal respectively, and increase activity  
in the pelvis posterior to uterus, cul de sac consistent with metastatic disease.  
A multi-disciplinary approach was started to cytoreduce the gastrointestinal tumors. 
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Patient received 14 cycles of FOLFIRI with the last dose on 9.22.14. Patient was 
subsequently treated using IMRT to all sites of disease based on 3D Conformal 
Computerized Contours combined with Xeloda. Nine gantry angles were used for 
the abdominal areas and eight gantry angles were used for the pelvic gutters. 
Summary of radiation treatment entailed abdominal regions dose 4500 cGY, 25 
fractions from March 6th 2014 to April 24th 2014, Pelvic Gutters 4500 cGY 25 
fractions from March 6th 2014 to April 23rd 2014. CT scan of chest, abdomen and 
pelvis on June 2014 showed good response to chemotherapy with a decrease in size 
of peritoneal metastatic implants with the exception of lesions on the surface of the 
spleen and nodule in the pelvis.

9.2.1  Methods

The Institutional Review Boards at Baton Rouge General Hospital (Bluebonnet 
campus), Baton Rouge reviewed and approved the study protocol. Approval was 
obtained from the Food and Drug Administration (FDA) for Compassionate and 
Emergency Use prior to surgical treatment as well as informed surgical consent. 
Human tissue was handled according to the tenets of the Declaration of Helsinki. 
SS-601 Electrosurgical generator integrated with Canady Plasma™ Coagulator and 
Canady Hybrid Plasma™ Scalpel (US Medical Innovations, LLC (USMI) Takoma 
Park, MD) was used for gross dissection of tumor and afterwards the Canady 
Helios™ Cold Plasma Ablator (USMI Takoma Park, MD) was used to treat the 
margins at the tumor site. March 2015 the patient underwent exploratory laparot-
omy, liver segmentectomy, cholecystectomy, right partial diaphragm resection with 
reconstruction using alloderm patch, en bloc resection of distal small bowel, trans-
verse, left colon, sigmoid colon, distal pancreas with spleen and omentum, small 
bowel resection, resection of tumors from the mesentery and abdominal wall and 
supracervical total abdominal hysterectomy with bilateral salpingoophorectomy. A 
R0 resection was completed. Time of procedure and estimated blood loss were 7.5 h 
and 800cc respectively. Specimens sent to pathology were positive for metastatic 
adenocarcinoma from the liver, peritoneal implants, small bowel tumor with 
implants in the mesentery, bilateral tumor involvement adjacent to the ovaries, en 
bloc resection of the transverse, left and sigmoid colon, prior anastomosis to the 
small bowel, spleen with the tail of the pancreas, multiple tumor deposits of the 
mesentery, mesocolon, peripancreatic, perisplenic, adipose tissue and the small 
bowel prior anastomostic staple line. The patient’s peritoneal cancer index (PCI) 
was >23 intra-operatively.

9.2.2  Hospital Course

After surgery the patient was transferred to the ICU and subsequently transferred to 
the floor. Patient was taken back to the operating room on 3.22.15 for anastomotic 
leak at the ileoproctostomy site. Take down of the rectal anastomosis and Brook 
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ileostomy was performed. Patient returned to the OR on 3.24.15 and 3.27.14 for 
abdominal washing of abdomen and closure of the fascia. Postoperatively the 
patient developed an enterocutaneous fistula which was managed by TPN and 
abdominal wound vac. Patient was discharged to home on 5.15.15. On June 25th, 
2015 postoperative CT scan of the abdomen and pelvis revealed no evidence of 
tumor in the abdomen. Patient and family decided hospice care August 2015.

9.3  Treatment of the Resected Surgical Margins  
Using Cold Atmospheric Plasma (CAP)

In the course of surgery, CAP treatment of the surgical margins (diaphragm, abdom-
inal wall, mesentery, left colic gutter, mesenteric area, area of the splenic bed) was 
performed using the Canady Helios Cold Plasma™, Images of treatment of surgical 
margins by CAP are shown in Fig. 9.1c, d. Figure 9.1c show partial resection of the 
diaphragm using the Canady Hybrid Plasma™ scalpel and cold plasma jet treat-
ment of surgical margins after resection are shown (Fig. 9.1d).

a b

c d

e f

Fig. 9.1 (a) OR set up. (b) Cold Plasma Generator (USMI). (c, d) Partial resection and Cold 
plasma treatment of surgical margins, ex vivo. (e) Treatment of liver. (f) Treatment of diaphragm
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In addition to treatment of surgical margins we performed cold plasma treatment 
of the ex  vivo sample of liver (shown in Fig.  9.1e) and diaphragm (shown in 
Fig. 9.1f). Treated and untreated samples were imaged and analyzed using various 
assays (see Sect. 9.5).

9.4  Body Temperature Measurements During Surgery

In this section we present body temperature measurements during surgery using 
USMI Helios cold plasma device. Schematics of experimental set up is shown in 
Fig. 9.2.

9.4.1  Experiment Setup and Procedure

A thermal camera (FLIR A35) with a 19 mm lens and a 60 Hz frame-rate was used to 
collect the plasma object and patient body’s thermal data. The FLIR A35 camera was 
mounted approximately 3 ft above the patient to observe the treatment area. To get a 
better viewing angle and to ensure that the camera is less intrusive to the surgeon’s 
procedure, a less than 20° view angle was applied to the camera. The FLIR A35 ther-
mal camera’s area of view at approximately 3 ft is 2.7 ft by 2 ft area, which is larger 

Surgeon

Camera Tripod

Control PC

Data Recived via
ethernet connection by
control PC and operator

3 ft
(6 feet max)

Thermal Camera has manual
focus, so it must be adjusted to
the distance between the lense

and subject, for calculations dene
afterwards distance must be

counted for as well as amblent
room temperature if possible.

Human tissue has emmissivity of 85.95

camera has a 40 min warm-up

period 

Patient

FOV-18 Deg 0-039 Deg (V)At 3 feet field of viewis approx 270 ft×2ft

Fig. 9.2 Setup of the thermal camera during the intraoperative cold plasma treatments
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than the 1 foot by 1 foot of the patient’s procedure area. In total, 5 h of thermal video 
was captured by the camera and stored onto the hard drive of the control PC. During 
the procedure, the patient was treated with the Canady Hybrid Plasma™ and the 
Canady Helios Cold Plasma™ scalpels. The treatments consisted of “spraying” the 
margins of the cancerous area with the cold plasma jet created at the distal end of the 
Helios Cold Plasma Scalpel. The settings for the Canady Helios Cold Plasma™ 
Ablator’s settings were 1.6 W and helium flow rate 5 L/min for a duration of 2 min per 
treatment area.

The data captured by the FLIR camera was later processed using FLIR tools+ 
[25]. To compare the cold plasma intraoperative thermal performance and patient’s 
tissue reaction to the cold plasma scalpel, the patient’s pre-treatment area tissue 
temperature and post-treatment tissue area temperature were measured. Tissue area 
temperature was calculated by taking the average of the temperature data in the 
treatment area by using the built in functions of FLIR tools+, Fig. 9.3 demonstrate 
a side by side comparison of tissue temperature pre-treatment and post-treatment.

Along with intraoperative cold plasma treatments, the thermal camera recorded sev-
eral cold plasma ex vivo treatments as shown in Fig. 9.1. The tumor cells and a small 
amount of normal cells were removed from the patient for a comparison study; tumor 
and control samples were treated with the cold plasma scalpel with the same settings as 
the intraoperative treatments. The pre-treatment and post-treatment thermal images for 
ex vivo were processed identically to the intraoperative treatments as shown in Fig. 9.4.

During the data processing, FLIR tools+ built in functions were selected to mea-
sure the treatment area’s minimum, maximum, and average temperatures. Based on 
the background reference material [25], a thermal emissivity of 0.95 was selected, 
so as to best represent the actual temperature of live body tissues for the spectral 
range of the camera (7.5–13 μm). During the procedure, the patients End Tidal CO2 
and O2 level were recorded via the ventilator and the pulse oximeter respectively.

Fig. 9.3 Thermal stills of the cold plasma intraoperative treatment. The left figure is the pre- 
treatment tissue temperature; the right figure is post-treatment tissue temperature
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9.4.2  Experiment Results

Thermal measurements from the in vivo treatments are shown in Fig. 9.5. Significant 
temperature change occurs in the area of treatment for each case. A temperature 
drop of 10–20° across the surface of the tissue occurs in all six treatments. 
Temperature measurements of the surrounding tissue and tissues pre-treatment are 
displayed as well and are consistent with the core temperature measured with the 
hospitals equipment.

Fig. 9.4 Thermal stills of the cold plasma ex vivo treatment. The left figure is the pre-treatment 
tissue temperature; the right figure is post-treatment tissue temperature
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9.5  Expansion In Vitro, Characterization 
and Immunohistological Analysis of Human Primary 
Colon Cancer Epithelial Cells Isolated After Surgery

In this Section we describe characterization of the human primary colon cancer 
cells. Identification of colon stem cell markers CD44 and TRAIL receptor 1 were 
performed (Figs. 9.6 and 9.7)
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9.5.1  Materials and Methods

9.5.1.1  Human Tissue Preparation and Sample Collection
Human tissue was handled according to the tenets of the Declaration of Helsinki. 
On the basis of our studies in vitro using primary LT-97-3 colon cancer stem cells 
(Generous gift of Dr. Brigitte Marian, Univ. of Vienna Medical Center, Austria; J 
Pathol. 2007 Oct;213(2):152–60), HCT-116 ATCC derived Colon cancer cells and 
normal colon epithelial cells (unpublished data) we chose to use the LT-97-3 
medium for developing primary cultures. Medium used to culture the human 
LT-97 includes the following components, 4 parts Ham F12, 1 part L15, 2% FCS, 
insulin, 20 nm Triiodotyronin, Trasnferrin-20 μL for 500 mL, 1 μg/mL hydrocor-
tisone- 20  μL, 30  ng/mL EGF- 15  μL, Penicillin 10,000  μg/mL (5  mL) /
Streptomycin (5 mL)/gentamycin (2.5 mL) (Sigma Aldrich). The samples were 
collected in 20 mL sample collection vials containing the above medium at 4 °C 
and brought back to the lab within 10 h from the sample collection site and pro-
cessed immediately.

Colon tumor explants was minced to 1 mm size and was processed to isolate 
epithelial cells using enzymatic digestion with 1 mg/mL collagenase type IV for 
10 min at 37 °C and some of the 1 mm samples were expanded in vitro as explant 
cultures. The human colon epithelial cultures were expanded in a BSL2 classified 
laboratory (Jerome Canady Research Institute for Advanced Biological and 
Technological Sciences, Takoma Park, MD) for maintaining cell lines for biomedi-
cal, translational and regenerative biology applications. Five freshly isolated human 
colon cancer samples were procured within 10 h of patient’s surgery in sterile 20 mL 
borosilicate sample collection vials containing the above mentioned medium com-
position. 3–5  cm2 or larger size of the colon tumor and normal tissue samples 
excised from the patient were used in the current study: (1) liver tissue with colon 
cancer treated with CAP (2) liver tissue with colon cancer treated without CAP (3) 
Subphrenic Diaphragm with colon cancer treated with CAP (4) Subphrenic 
Diaphragm with colon cancer treated without CAP and (5) normal diaphragm with 
and without CAP.  Tissues were treated with penicillin streptomycin in PBS and 
minced and processed as described previously [26]. Normal diaphragm tissues were 
processed for cryosectioning and H&E staining. These two methods of cell culture 
namely, explant cultures and isolated cells cultures were used in the current study to 
generate primary using the patient’s biopsy samples. Only two explants developed 
into epithelial cultures from tissues isolated with enzymatic treatments. The cells 
were serially diluted (into six 35 mm well plates) with the hope that the stem cells 
would develop and proliferate into colonies. All cultures were terminated for the 
following tests for histology, confocal microscopy to detect various proteins/anti-
gens. Images were acquired periodically to assess the morphology of the cells.
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9.5.1.2  Immunofluorescence Analysis for Identification of Colon 
Stem Cells and Colon Cancer Markers in Tissues Excised  
Using Cold Plasma Scalpel

Some of the tissues procured from the patient were immediately cryosectioned 
using Leica cryostat. 5–6 μm sections at −20  °C were stained with H&E and 
double immunofluorescence for localization of colon stem cell marker human 
CD44 FITC (Bio Legend), anti TRAIL receptor1 (Santa Cruz) and second anti-
body anti- alexaflour 594 or 488(molecular probes), respectively was used along 
with nuclear counterstaining with DAPI (Vectashield, Molecular Probes). 
Appropriate isotype controls (Life Technologies) were maintained. Zeiss confo-
cal images were acquired to analyze the cold plasma excised tissue for remnant 
colon cancer markers.

9.5.1.3  Confocal Imaging
Zeiss 1um tick Z-stack images were acquired and 3D–reconstruction of the images 
(Jerome Canady Research Institute for Advanced Biological and Technological 
Sciences, Takoma, Park, MD) were analyzed for surface expression of TRAIL-R1 
and CD44 or Ki67 in the cryosections (n = 3) and in cultured colon cancer cells after 
30 days in culture. The entire dish was assessed and images were captured for the 
remnant cells and the % of positive cells was calculated. 15 images per dish were 
acquired to record the % total number of cells remaining and % of cells positive for 
the above markers.

9.5.1.4  Statistical Analysis
The following test was carried out for n = 3 samples.

Nonparametric Tests: Independent Samples. NP tests/independent Test-Mann 
Whitney Wald Wolfowitz Kruskal Wallis test compared pair wise; median(test 
value = sample = compare = pairwise) Hodges Lehmann/missing Scope = analysis 
usermissing = exclude/criteria with alpha = 0.05 Cilevel = 95.

9.5.2  Results

9.5.2.1  Metastatic Liver With and Without CAP Treatments
Figure 9.8 shows cross sections images along the thickness of the sample 
excised from the patient. Note the intactness of the tissue sections in a and b 
showing no damage at the site of CAP treatments (arrow). Arrowhead indicates 
the metastatic colon cancer area in the liver. These tissues were used to isolate 
the colon cancer cells to be cultured and expanded in  vitro for further 
analysis.
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Metastatic Liver+CAP Metastatic Liver and NO CAP

500 µm

500 µm

a

b

Fig. 9.8 (a, b) H&E stained showing (a) Metastatic liver treated with cold plasma (b) without 
Cold Plasma

9.5.2.2  Metastatic Tumor from Sub Phrenic Diaphragm 
With and Without CAP Treatments

Figure 9.9 shows images, which are cross sections along the entire thickness of the 
sample excised from the patient. Note the intactness of the tissue sections in a and b 
showing no damage at the site of CAP treatments (arrow). Arrowhead indicates the 
metastatic colon cancer area in the sub phrenic diaphragm. These tissues were used to 
isolate the colon cancer cells to be cultured and expanded in vitro for further analysis.
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9.5.2.3  Normal Diaphragm With and Without CAP Treatments, 
to Demonstrate That CAP Does Not Cause Injury to the  
Healthy Tissues

Images in Fig. 9.10 are cross sections along the thickness of the sample excised 
from the patient. Note the intactness of the tissue sections in a and b showing no 

Metastatic Subphrenic Diaphragm + CAP Metastatic Subphrenic Diaphragm and No CAP

a b

Fig. 9.9 (a, b) H&E stained sections showing Metastatic Tumor Sub phrenic Diaphragm (a) treated 
with cold plasma (b) without Cold Plasma

Normal Diaphragm without
CAP

Normal Diaphram + CAPa

b

Fig. 9.10 (a, b) H&E stained sections showing (a) Normal Diaphragm treated with CAP (b) 
without CAP
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damage at the site of CAP treatments (arrow). Arrowhead shows muscle fibers of 
the diaphragm separated by loose connective tissue.

9.5.2.4  Confocal Double-Immunofluorescence Images of  
Human Liver Showing Localization of Colon Stem Cells  
(CD44 Positive Red) and TRAIL -Receptor 1 (Green)

Figures a, b are samples without CAP treatments and figures c, d are with CAP 
treatments. Note the bright TRAIL R-1 staining in (c and d) in presence of CAP and 
the absence of bright TRAIL-R1 in (a and b).

Freshly procured human tumor samples from liver treated with and without 
CAP were oriented and embedded in the cryostat. 6–7μm thick sections and fixed 
in ice- cold methanol for 15 min and double-immunostained for TRAIL-R1 and 
CD44. In the presence of CAP treatments, the TRAIL-R1 expression increases. 
Moreover, the double positive cells expressing CD44 and TRAIL-R1, typical of a 
stem cell was observed in all the tumor samples as shown in Fig. 9.11a–d. It was 
found that the localization and expression of TRAIL-R1 in the CAP treated CD44 
positive cell was greater in both number and expression (c, d). These results sug-
gest that CAP triggering of TRAIL-R1 in colon cancer stem cells may play a role 
in apoptosis. Therefore, we isolated and expanded the cells from these CAP 
treated and untreated tumor samples to further characterize the cellular profile.

9.5.2.5  In Vitro Expansion of Human Colon Cancer Cells from  
Liver Samples Treated with CAP

In order to test for characterization of cellular profile generated from tissue 
explants with and without CAP, two different in  vitro culture methods were 
employed (materials and methods). It was interesting to note that explant cul-
tures of liver did not show any outgrowth of cells, while cells isolated using 
enzymatic treatments, yield a varied population of cells. Figure 9.12 demonstrate 
that the CAP treated tissue yielded a population of epithelial cells, which over a 
period of time showed morphology of mostly differentiated cells in the terminal 
phase of apoptosis. Most of the cells were floating in culture demonstrating an 
apoptotic phenotype.

9.5.2.6  In Vitro Expansion of Human Colon Cancer Cells from  
Liver Samples Without CAP Treatment.

The explant cultures showed no outgrowth, while the cells isolated from liver samples 
showed small colonies and proliferating colonies as shown in Fig. 9.13 (arrowhead a, 
b). This colony was tracked and the colony size increased over time (a, b). After more 
than 3-weeks of culture these cells were still proliferating (arrowhead). These cultures 
were terminated to assess the molecular characteristics using various markers.

9.5.2.7  In Vitro Expansion of Human Colon Cancer Cells from  
Subphrenic Diaphragm Samples Treated with CAP

The cellular profile and phenotype from CAP treated sub phrenic diaphragm 
(Fig. 9.14) showed epithelial cells going through apoptosis. However, the explant 
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Immunofluorescence for CD44(red)and TRAIL-R1(green)showing Colon Cancer stem cells(arrow) in metastatic Liver

a b

Immunofluorescence for CD44(red)and TRAIL-R1(green)showing Colon Cancer stem cells(arrow) in metastatic Liver

c d

Fig. 9.11 Confocal Immunofluorescence images of human Liver demonstrate localization of 
colon stem cells (CD44 positive red) and TRAIL-Receptor 1 (green) (arrow-a to d). DAPI was 
used for nuclear counterstaining

cultures showed fibroblast-like cells, which may not be of colon cancer origin and 
may be from the remnant diaphragm tissue. The isolated cell cultures showed float-
ing dead cells at the end of 27th day.

9.5.2.8  In Vitro Expansion of Human Colon Cancer Cells from  
Sub Phrenic Diaphragm Samples Without CAP Treatment

Sub phrenic diaphragm without CAP treatment (Fig. 9.15) showed colon epithelial 
stem cell phenotype. The small colony enlarged over a period of time showing 
colon stem cell phenotype (b, d, f). However, the explant cultures showed fibro-
blast-like cells, which may not be of colon cancer origin and may be from the 
remnant diaphragm tissue.
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a b 

c d

Fig. 9.13 Representative images of isolated cell cultures of colon cells from liver showing healthy 
proliferating colony of cells (arrowhead) without CAP after 17 (a) to 24 days (b–d) in culture

a b

c d

Fig. 9.12 In vitro expansion of Human colon Cancer cells from liver samples treated with 
CAP. Representative images of explant (a) and isolated cell cultures (b–d) of colon cells from liver 
showing cell death and many floating dead cells (arrow) and differentiated cells (arrowhead) in the 
presence of CAP after 17–27 days in culture (b–d). Note the absence of outgrowth in the liver 
explant cultures
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EXPLANT CULTURES ISOLATED CELL CULTURES

a b

c d

e f

Fig. 9.14 In vitro expansion of Human Colon Cancer cells from Sub phrenic Diaphragm samples 
treated with CAP. Explant (a, c, e) and isolated cell cultures (b, d, f) of colon cells from Sub 
phrenic Diaphragm showing cell death and many floating dead cells (arrowhead) in the presence 
of CAP after 17–27 days in culture. Arrow shows fibroblast-like cells from the tissue explants

9.5.2.9  Characterization of Colon Cancer Cells Expanded  
In Vitro Isolated from Liver

Isolated cell cultures of colon cells from liver showing disintegrating nuclei of 
smaller size in (arrowhead in a, b) Note these cells are negative for Ki67 and 
TRAIL-r1, suggesting that these cells are in last phase of apoptosis. (b) Showing 
healthy proliferating colony of cells (arrow; green Ki67 positive and red-TRAIL-R1 
positive) without CAP after 30 days in culture.

Most of the cells display disintegrated nuclei and a few differentiated large cells 
in the presence of CAP treatment as shown in Fig. 9.16. The smaller size of the 
nuclei and absence of any cytoplasmic material was suggestive of a dead cell phe-
notype after CAP treatment. Large number of proliferating Ki67 positive cells were 
observed in cultures without CAP treatment and such cells were more in number 
when compared to the CAP treated. These results suggested that the profile of cells 
after CAP treatment was significantly different from the healthy proliferating tumor 
cells, generated from samples without CAP treatment. Therefore in order to further 

9 Cold Atmospheric Plasma (CAP) Combined with Chemo-Radiation



180

EXPLANT CULTURES ISOLATED CULTURES

a b 

c d

e f

Fig. 9.15 In vitro expansion of Human Colon Cancer cells from Sub phrenic Diaphragm samples 
without CAP treatment. Cellular profile of the sub phrenic diaphragm showing proliferating colony 
of cells (arrow) without CAP after 17–27 days in culture (b, d, f). Note the large colony, a property 
of a tumor stem cell. Explant cultures show fibroblast-like phenotype

a b

c d

Fig. 9.16 Characterization of colon cancer cells expanded in vitro isolated from liver nuclear 
counterstaining with DAPI (blue)
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characterize these cells for their proliferation we measured Ki67 along with 
TRAIL-R1 and the % total of positive and double positive cells in CAP treated and 
untreated cells was calculated.

9.5.2.10  Characterization of Cellular Profile of Human Colon 
Cancer Cells Expanded In Vitro

Our analysis suggests that all the cells went through cell death and apoptosis in the 
CAP treated case. Recall that this proliferative population of cells was absent in the 
CAP untreated samples. About 40% cells were proliferating (Ki67 positive) and 
24% cells expressed TRAIL-R1 in CAP untreated, while CAP treatment lead to cell 
death and apoptosis as shown in Table 9.1. None of the CAP treated cells expressed 
TRAIL-R1 and were not proliferating, suggesting that these cells were no longer 
viable and their apoptotic mechanism was initiated by CAP treatment. These results 
suggest that CAP has an effect in inducing colon stem cell death by triggering 
TRAIL Receptor -1 expression.

9.6  Concluding Remarks

The authors report the first use of cold atmospheric plasma in a clinical setting for 
the treatment of metastatic stage IV colon cancer and demonstrate the safety and 
efficacy of cold atmospheric plasma.

The human colon cancer in the patient samples expressed colon stem cells in 
liver and was positive for CD44 and TRAIL-R1 expression. TRAIl-R1 expression 
increases in the CAP treated liver tissues, suggesting that the death receptor mole-
cule may be involved in inducing apoptosis. Isolation of colon epithelial cells from 
these liver and subphrenic diaphragm explants after CAP treatment, induced cell 
death within 3 weeks of culture. CAP untreated tissues yields a population of cells 
that are healthy and colonies increase in size, typical of tumor stem cells. These 
colonies proliferated even after 4 weeks in culture. In addition explant cultures after 
treatments with CAP and without treatments yielded fibroblast-like cell phenotype 
only in the subphrenic diaphragm samples and not from liver explants. These results 
suggest that these may be normal healthy cells and not the colon cancer epithelial 
cells and may require further investigation. It has to be noted that none of the CAP 
treated cells after 3-weeks of culture expressed TRAIL-R1. Moreover, the nuclei of 

Table 9.1 Characterization of cellular profile of human colon cancer cells expanded in vitro

%Double 
positive cells

Ki67% 
positive cells

%Trail-r1 
positive cells

%DAPI  
positive cells

Colon tumor cells 
without CAP*

24 16 32 28

Colon tumor cells 
with CAP

NIL NIL NIL 24 disintegrating cells

The entire culture dish was analyzed to calculate proportion of total number of cells. Significant 
(*p≤0.05) difference in the profile was cells with CAP treatment and without treatment was 
observed. Note the absence of TRAIL-R1 and Ki67 positivity in CAP treated samples
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remnant cells were all disintegrated and were significantly different from the popu-
lation of CAP untreated proliferating Ki67 positive cells.

Overall the results suggest that CAP has an effect on colon epithelial cells and 
colon stem cells and induces tumor cell death and the use of CAP had no adverse 
event to the patient.
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10Palliative Treatment of Head  
and Neck Cancer

Christian Seebauer, Hans-Robert Metelmann, 
Katherina Witzke, and Jean-Michel Pouvesle

10.1  Introduction

Since the first report about the cell destructive effect of cold atmospheric plasma 
(CAP) on malignant melanoma in 2007, the potential spectrum of CAP applica-
tion in cancer treatment has quickly expanded [1–10]. To date, the CAP treatment 
has demonstrated its significant anti-cancer capacity in several experimental set-
tings in approximately 20 more types of malignant tumor cells including skin 
cancer [11–17], brain cancer [18–26], breast cancer [27–29], cervical cancer  
[30–36], lung cancer [8, 37–42], gastric cancer [43], pancreatic cancer [44, 45], 
colorectal cancer [18, 46–50], bladder cancer [8], prostatic cancer [51], leukemia 
[52–55], hepatic cancer [32, 56–58], thyroid cancer [59, 60], as well as head & 
neck cancer [61–65]. Among diverse plasma-originated species (RONS: reactive 
oxygen and nitrogen species), H2O2 has been proved to be the main anti-cancer 
reactive species causing the death of cancer cells in-vitro [10]. Nevertheless, the 
understanding of the precise anti- cancer mechanism is very limited. Case reports 
and scientific studies of in-vivo applications of CAP are rare and generally limited 
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to animal investigations. These animal studies have supported the previous  
in-vitro findings of tumor growth reduction by the CAP treatment [5] and show 
much promise of therapeutic value in treating humans.

10.2  Palliative Care: Current Status of Clinical Application

Treatment of advanced head and neck carcinoma is multifaceted, challenging and 
has to be performed on an individualized basis. Complexity and variability of dif-
ferent tumor entities require specific and individualized cancer therapy including 
the main pillars of evidence based medicine, namely surgery, chemotherapy and 
radiotherapy. When a patient enters a stage a curative approach to destroy the 
tumor and heal the disease is no longer in reach, palliative care becomes the focus 
of care. Treatment goals now are managing pain, taking care of nutrition and open 
airways, facilitating social contacts, in summary alleviate the symptoms and emo-
tional issues of cancer. Head and neck cancer ulcerations present both exceedingly 
physical and emotional challenges to the patient, family, and even the most experi-
enced nurse. Patients with advanced incurable tumors frequently suffer from 
superinfected chronic wounds caused by necrotic tissue due to progressive tumor 
growth, weak systemic and local immunological response and various accompany-
ing illnesses. These wounds may be associated with pain, odor, exsudate, bleeding, 
and repulsive appearance. They may adversely affect self-esteem and body image, 
causing patients to isolate themselves at a time when social support is critically 
needed. Due to strong wound vulnerability, local antiseptic wound care of micro-
bial contaminated tumor areas is frequently complicated by bleeding, pain and 
patient dissatisfaction. Plasma is clinically known for inactivating microbial patho-
gens, making it the key concept of palliative care of these patients to manage odor, 
bleeding, preventing infections, and optimizing the emotional well-being of the 
patient and family.

In 2015, the study group of Metelmann, Seebauer and co-workers introduced the 
first in-vivo application of CAP in the care of patients suffering from advanced head 
and neck cancers [66]. In a prospective descriptive clinical evaluation, 12 patients 
received plasma treatment as part of the palliative treatment concept for reduction 
of bacterial colonization of ulcerated cancer wounds. Effects of CAP treatment 
beyond successful palliation as characterized above have been described either as a 
flat area with vascular stimulation or as a contraction of tumor ulceration rims form-
ing recesses covered with scabs that were surrounded by tumor tissue in visible 
progress [67].

In a recent study, clinical benefit and histological changes have been prospec-
tively evaluated during the standardized CAP treatment intended for palliation of 
six patients with locally advanced head and neck cancer [68]. CAP treatment was 
implemented in conventional palliative therapy of contaminated exulcerative can-
cer wounds. The survival time of the patients, the plasma related effects on con-
tamination, tumor growth, and need of pain medication, the side effects and quality 
of life under treatment, as well as changes of tumor size have been recorded. 
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Plasma was applied with a kINPen® MED plasma jet (neoplas tools GmbH, 
Greifswald, Germany), size dependent like 1 min/cm2 of cancer wound with a dis-
tance of approximately 10 mm and in a meandering manner. Plasma treatment was 
continued to be performed every 2–3 days and was implemented in conjunction 
with conventional cancer wound care including antiseptic wound treatment and 
antiseptic dressing.

10.3  Clinical Cases

10.3.1  Case History 1 (Fig. 10.1)

In February 2015, a 51-year-old Caucasian male patient presented himself in the 
department of oral and maxillofacial surgery with an ulcerating lesion on the left 
cheek extending to the molar and retromolar region of the upper alveolar ridge. The 
patient’s medical history was significant for long-term tobacco addiction of more 
than 25 years. The tumor measured approximately 4 × 5 cm in size (cT3) and revealed 
an irregular diffuse growth with irregular and indurated margins. After incisional 
biopsy from the area suspected to be tumor, the histopathological examination 
revealed well-differentiated squamous cell carcinoma. Pre-operative computed 
tomography scan indicated no tumor suspect cervical lymph nodes or distant metas-
tases. In March, the patient had undergone the curatively intended tumor surgery 
removing the cancer tissue with safety distance and cervical lymph drainage ducts 
(Neck dissection) on both sides. According to the TNM system proposed by American 
Joint commitee on Cancer (AJCC) the tumor was found to be stage II (pT2 pN0 cM0 
pL0 pV0 p R0 G1). Since June 2015, the patient noticed a rapidly progressive swell-
ing on the left neck. Computed tomography scan indicated a large contrast enhancing 
mass, which superposed the external carotid suspected to be tumor recurrence. In 
July, operative findings revealed tumor tissue of Level 1–3 infiltrating the vascular 
wall of the external carotid, so that a resection in healthy tissue could not be per-
formed. The tumor recurrence was classified as a large lymph node metastasis of the 
aforesaid well to moderately differentiated squamous cell carcinoma at the AJCC 

a b c

Fig. 10.1 Clinical tumor development of a 51-year-old Caucasian male patient suffering from 
bacterially contaminated cancer wound on the left neck during CAP treatment in terms of support-
ive palliative cancer care. (a) April 2016, (b) June 2016, (c) August 2016
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stage IVb (pT2 pN2c cM0 pL1 pV1 pR2 G2). Between July and August 2015 the 
patient had undergone a palliative radiotherapy with a daily dosage of 2 Gy up to a 
total radiation dosage of 66.0 Gy. Simultaneously, 2 cycles of a cisplatin chemo-
therapy have been administered. In October 2015 after this therapy, the tumor was 
characterised by extensive and progressive growth with exulceration. Due to the vul-
nerability of the extended bacterially contaminated wound and the underlying carotid 
artery, wound care of the exulcerated lymph node was difficult. Since October 2015, 
a supportive palliavtive cancer treatment using cold atmospheric plasma (CAP) has 
been started with the patients’ written consent.

The exulcerative tumor growth region, located on the left neck, received treat-
ment with the kINPen® MED (neoplas tools GmbH, Greifswald, Germany) for 
nearly 5–6 min with a distance of approximately 10 mm in a meandering manner, 
monitoring plasma related effects, side effects and responses to CAP. Plasma treat-
ment was continued to be performed every 2–3 days. Wound care was implemented 
in conjunction with an antiseptic wound dressing.

10.3.2  Case History 2 (Fig. 10.2)

In March 2015, the 55-year-old male patient presented himself in the department of 
oral and maxillofacial surgery, with an alio loco histologically proven moderately- 
differentiated squamous cell carcinoma of the anterior floor of the mouth.  

Fig. 10.2 Plasma 
application by the kINPen® 
MED (neoplas tools 
GmbH, Greifswald, 
Germany) during the 
cancer wound treatment of 
the patient of Fig. 10.1 by 
a nurse
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The patient’s medical history was significant for long term tobacco addiction of 
more than 20 years. Pre-operative computed tomography scan indicated no tumor 
suspect cervical lymph nodes or distant metastases. In March, the patient had under-
gone the curatively intended tumor surgery removing the cancer tissue with safety 
distance and cervical lymph drainage ducts (Neck dissection) on both sides. 
According to the TNM system proposed by American Joint commitee on Cancer 
(AJCC) the tumor was found to be stage II (pT2 pN0 cM0 pL0 pV0 pR0 G2). In 
October 2015, a local recurrence of the pretreated squamous cell carcinoma was 
noticed on the anterior floor of the mouth. Computed tomography scan indicated 
contrast enhancing on the floor of the mouth and submental, which was suspected 
to be a large tumor recurrence. In addition, between December 2015 and February 
2016 the patient had undergone an adjuvant curative radiotherapy with a daily dos-
age of 2 Gy up to a total radiation dosage of 70.0 Gy. Simultaneously, 3 cycles of a 
cisplatin chemotherapy have been administered. After this combined radio-chemo-
therapy, the tumor was characterised by progressive growth with exulceration, pro-
nounced inflammatory reactions and cancer wound vulnerability. Since March 
2016, a supportive palliative cancer treatment using cold atmospheric plasma (CAP) 
has been started with the patients’ written consent. The exulcerative tumor growth 
region, located submental, received treatment with the kINPen® MED (neoplas 
tools GmbH, Greifswald, Germany) for near 4–5 min every 2–3 days. Wound care 
was implemented in conjunction with an antiseptic wound dressing (Fig. 10.3).

10.4  Clinical Findings (Table 10.1)

Antimicrobial, anti-inflammatory, tissue stimulation, stimulation of microcircula-
tion, and other therapeutic effects are achieved during CAP treatment and are most 
commonly described in literature [1–10]. Many dermatological trials have demon-
strated that CAP is a useful tool for decontaminating severely infected wounds and 
ulcerations [69, 70].

By treating bacterially contaminated chronic cancer wounds of advanced head 
and neck cancers, local CAP application has been proven to reduce microbial colo-
nization, especially pathogenic anaerobic germs, and inflammatory response gently 
and sufficiently in a non-contact manner. CAP treated superinfected necrotic tumor 

a b c

Fig. 10.3 Clinical tumor development of a 55-year-old Caucasian male patient suffering from 
bacterially contaminated submental cancer wound during CAP treatment in terms of supportive 
palliative cancer care. (a) August 2016, (b) October 2016, (c) February 2017
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areas appear to be clean of cell detritus and bacteria and lead to a decrease of bacte-
rial decomposition products. The wound bed is covered with a physiological fibrin 
coating. Due to the decrease of local and perifocal inflammation, vulnerability, 
wound algesia, and demand of pain medication can be reduced significantly. By 
reducing bacterial colonization, inflammatory response and the related symptoms, 
e.g. pain, bleeding, and wound odor, the emotional and physical burden of cancer 
can be reduced and quality of life improved.

In some cases, the ulcerated tumor areas could be reduced noticeably during 
CAP therapy. In the case series published by the study group of Metelmann and 
Seebauer, a reduction of tumor size could be achieved up to 80% [68]. This fact and 
the reduction of wound odor inspire hope and improve living conditions in the end 
stage of the patient’s cancer disease. However, the described effect of tumor size 
reduction was only of an uncertain period. Therefore, it is still unclear how to estab-
lish a standstill regarding the persistence of the tumor and the cancer disease.

10.5  Histological Findings (Table 10.1)

TUNEL analyses of the tissue samples collected during CAP treatment demon-
strated an increased amount of apoptotic tumor cells in-vivo whereas healthy cells 
remained nearly unaffected. This is well known and most commonly described in 
literature based upon in-vitro investigations. Furthermore, a desmoplastic reaction 
of the conjunctive tissue represented by an increased production rate of collagen 
and extracellular matrix in terms of scarring is depicted histologically within CAP 
treated cancer areas.

One further promising effect is that CAP treatment locally modulates immune 
response in-vivo to attack the tumor. Vandana Miller as a pioneer regarding plasma 
related immune response provided a comprehensive introduction about the promis-
ing cancer immunotherapy based on the CAP treatment in a recent review [71]. By 
optimizing the parameters of CAP to induce immunogenic cell death in tumors 
locally, it is possible to trigger specific, protective immune responses systemati-
cally. Metelmann and co-workers could verify an inactivation and reduction of 
myeloid cells such as tissue-resident macrophages, the increased presence is known 
to be correlated with poor prognosis in the progression of the cancer disease [68].

Table 10.1 Clinical and histological effects achieved with CAP during palliative cancer care

Clinical effects Histological effects
Reduction of bacterial colonization Selective apoptosis of cancer cells
Reduction of inflammatory response  
and wound vulnerability

Desmoplastic reaction of conjunctive tissue

Reduction of pain and demand  
for pain medication

Reduction and change of inflammatory cells

Reduction of wound odour Modulation of immune response
Increase of quality of life
Reduction of cancer wound size,  
partial tumor remission
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10.6  Side Effects

The gentle and non-contact CAP treatment does not guarantee a complete absence 
of side effects. But, all the side effects present and described were just slightly to 
moderate and did not influence patient’s treatment willingness.

Due to the time consuming CAP treatment of large tumor areas, exhaustion is 
reported by some patients. But for an effective treatment a wound size dependent 
plasma application of 1 min/cm2 of cancer wound is necessary. Longer and more 
frequent CAP applications may lead to a local inflammatory response accompanied 
by hypervascularization, redness, edema, bleeding and pain. Unpleasant sensations 
and pain may occur if the plasma jet is pausing for some time on the same place. In 
rare cases a stimulation of salivation was reported. A longer CAP application may 
lead to unpleasant ozone odor.

10.7  Impact and Outlook

The evidence to date suggests that CAP has a significant apoptotic effect on cancer 
cells as demonstrated in several tumor lines, tumor models in in-vitro and in-vivo 
studies. But, the local and superficial induction of apoptosis is of minor importance 
for treating palliatively intended cancer patients in the end stage of their cancer 
disease. Rather, the treatment of local complaints in consequence of the bacterial 
colonization and its accompanying symptoms, e.g. wound odour, inflammation and 
pain are of major priority for these patients. First clinical studies have shown the 
CAP’s effectiveness and impact in palliative cancer wound care [66–68]. By reduc-
ing inflammation, wound vulnerability, pain and wound odor patients satisfaction 
and quality of life are improved.

The CAP-induced tumor mass reduction described in some cases is an unex-
pected, promising, but not yet entirely understood manifestation. The nutrient com-
petition between cancer cells and the increased production rate of collagen and 
extracellular matrix in the term of desmoplastic reaction could be a reason as well 
as the changed immunologic response after CAP application. Furthermore, the 
reduction of inflammation in consequence of the reduction of bacterial colonization 
may also be understood as a loss of stimulant for tumor progression.

In contrast to common cancer treatment modalities such as chemotherapy and 
radiotherapy, the primary advantage of CAP is its selective anti-cancer capacity 
[1–65]. CAP tends to address the growth of cancer cells rather than the growth of 
healthy cells by triggering more apoptosis in cancer cells than normal cells. Due to 
stronger metabolism in cancer cells, the basal RONS level in cancer cells is thought 
to be higher and rather than that in normal cells.

In addition to addressing the growth of cancer cells, CAP is also able to restore 
the sensitivity of chemo-resistant cancer cells to specific drugs [24, 72].

The first in-vivo studies concerning CAP treatment of bacterially contaminated cancer 
wounds in palliative cancer care are promising and at the moment the only reports of 
clinical plasma medicine in human cancer care. Understanding of the impact of CAP and 
its verification of clinical evidence in controlled human clinical trials are still pending.
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11Treatment of Split Skin Draft Donor 
and Recipient Sites

Saskia Preissner, Jan-Dirk Raguse, and Stefan Hartwig

11.1  Background

Split-thickness skin graft (STSG) is a reliable workhorse in soft tissue reconstruc-
tion within reconstructive surgery [1, 2]. Wound healing disorders of the STSG 
donor sites (e.g. the thigh) are seldom and research in this matter deals with acceler-
ated healing and reduced pain and itching [3, 4]. In contrast, wound healing disor-
ders of the STSG recipient sites are more frequent due to challenging wound 
conditions (e.g. chronic wounds, infected or complex wounds) or sytemic impair-
ment (elderly patients, diabetes) [5–8], see Fig. 11.1.
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11.2  Current Treatment

11.2.1  Donor Site

As conventional dressing methods are established since decades, a 14-centre, six 
armed randomized clinical trial compared six wound dressing materials (algi-
nate/semipermeable film/gauze dressing/hydrocolloid/hydrofibre/silicone) 
showed the speediest healing with hydrocolloid dressing in median 16 days while 
the highest rate of infections occured in the gauze dressing group [10]. Another 
prospective randomized controlled trial showed no difference between calcium 
alginate and polyurethane film dressing [11]. A new approach without clinical 
experience is diathermy [12]. Until to date, there exists one randomized placebo-
controlled study of cold atmospheric plasma on skin graft donor sites. In the 
pilot-study of Heinlin et al., 40 wounds were treated in a split-wound model with 
CAP and presented an improved reepithelialization and fewer fibrin layers and 
blood crusts [13].

11.2.2  Recipient Site

One of the main recipient sites for STSGs in reconstructive surgery are the donor 
sites of free flaps, e.g. the fibula and radialis free flaps. As current options for wound 
healing therapy solely or in combination of free flap donor sites include open wound 
healing [14], full-thickness skin graft [15, 16] or negative pressure dressing [17], the 
STSG remain a proven option [16, 18]. Common complications after STSG include 
wound breakdo wn and skin graft loss, resulting in delayed wound healing and/or 
infection. For the radialis free flap donor site the tendon exposure of the forearm is 
an additional possible complication [9, 19, 20].

a b

Fig. 11.1 (a, b) Impaired wound healing at the radial forearm free flap donor site of a patient with 
partial split-thickness skin graft necrosis and exposed tendon and infection with methicillin resistant 
Staphylococcus aureus a, before and b, after 4.9 weeks of plasma treatment (Photographs from [9])
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CAP as a treatment option was shown singularly for wound healing disorders of 
the STSGs donor sites of forearm after radialis free flaps, see Fig. 11.2 [9] and fibula 
free flaps [9] and presented treatment periods between 4 and 38 weeks for succesful 
wound closure.

Regardless of the limitations of the studys, CAP presented promising results 
with wound closure of chronic, infected and unsuccessful treated wounds in the 
head and neck surgery related wounds.

11.3  Outlook

CAP and its multifactorial effects on wound healing may serve as a standard of care 
in the armamentarium of therapy of these particular type of wounds. Further studies 
should be initiated to evaluate the plasma approach in a larger group of patients and 
to compare the outcomes with a control group to reveal the supposed positive effect 
of CAP in regular postoperative wound care and in case of infection and/or wound 
healing disorder.
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12The Use of Cold Atmospheric Pressure 
Plasma (CAP) in Cardiac Surgery

Lutz Hilker, Thomas von Woedtke, Rüdiger Titze,  
Klaus- Dieter Weltmann, Wolfgang Motz, 
and Hans-Georg Wollert

12.1  Wound Healing Disturbances in Cardiac Surgery

“During the 80s we saw an outbreak of nosocomial sternal wound infections caused 
by atypical mycobacteria. Five patients died, and the others all eventually were 
healed. The source of the infections was never really solved, but we now think that 
it was tap water. We were using topical ice slush for myocardial protection. … The 
bacteria may have been in the ice, that was used to produce the slush in glass bottles. 
If this had happened more recently, we would have used muscle flaps after debride-
ment and the outcomes would have been much better. Their use has greatly reduced 
the mortality of and recovery time from sternal wound infections. The surgeons who 
described the use of muscle flaps should get the Nobel Prize and every cardiac sur-
geon should mention their names in evening prayer…”.

These words from Francis Robicsek, one of the pioneers of open heart surgery, 
bear witness to the persisting importance that measures for successfully avoiding 
and treating mediastinal or sternal dehiscences have always had in heart surgery [1].

Sternal osteomyelitis continues to be one of the most severe complications after 
cardiac surgery. It occurs in 0.4–8% of the treated patients. With regard to the 
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mortality rate, various sources describe rates between 14 and 50% [2, 3]. Further 
surgical treatment methods such as the latissimus dorsi flap, the rectus abdominus 
flap and the omentum majus flap [4, 5], as well as the application of postoperative 
thorax support systems and, in particular, the stabilizing vacuum therapy of the open 
thorax if seen to be infected, have led to an improvement of the results with a notice-
ably reduced mortality rate in recent years.

Wound-healing disturbances in the areas around the saphenous vein harvesting 
site following graft harvesting and, in particular, the groin for peripheral vascular 
interventions or minimally invasive aortic valve or aortic interventions, are gener-
ally not as serious, but just as time consuming and onerous for the patients affected. 
Due to the multimorbid and partly very obese and usually also diabetic pool of 
patients, it is not rare that a proportion of the previously mentioned patients have a 
mycotic groin area prior to operation.

Furthermore, critically ill patients on heart surgery intensive care wards regularly 
contract wounds due to long periods of non-movement. Sacral, gluteal, trochanteric, 
spinal and heel decubitis and inguinal or inframammary intertriginous mycoses 
often require long periods of treatment.

Particularly after valve surgery or in cases of incorporated foreign bodies (e.g. 
endoprostheses, pacemakers or defibrillator devices, heart support systems), there is 
danger of severe infectious conditions such as endoplastitis and endocarditis due to 
possible recurring bacteremia in  local wounds and which frequently lead to fatal 
outcomes.

12.2  Clinical Experience with the Use of Atmospheric 
Pressure Plasma (CAP) at Klinikum Karlsburg

Working closely with the INP in Greifswald, our research group in the Clinic for 
Heart, Thorax and Vascular Surgery at Klinikum Karlsburg has been examining the 
possibilities of using atmospheric pressure plasma to support the wound-healing in 
selected therapy trials since 2014. For this, we have been using the kinpen Med from 
the neoplas tools GmbH Greifswald, which has been authorized for the treatment of 
chronic wounds according to the Medizinprodukte-Gesetz (Act on Medical Devices).

We were able to attain good treatment results for the preoperative treatment of 
intertriginous mycoses or fissures, for the cleansing and induction of granulation 
tissue of infected ulcers on diabetic foot with accompanying peripheral arterial 
occlusive disease, for incipient pressure ulcers caused by sustained pressure and for 
incipient infections of the exit site of foreign bodies (e.g. Driveline of HeartWare—
left ventricular assist devices).

12.2.1  Patient 1: Ulcus Cruris with Peripheral Arterial Occlusive 
Disease

This was a 61-year-old male with generalized arteriosclerosis, who had contracted an 
ulcus cruris in his left medial malleolus in mid-2015. A surgical debridement with 
subsequent vacuum therapy was carried out on an increasingly moist necrosis. At the 
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same time a PTA of the left arteria femoralis superficialis took place to improve the 
circulation situation. Two days after this intervention, an acute coronary syndrome 
emerged, which led to the patient being admitted to our clinic for further cardiac diag-
nosis. The results presented a severe three vessel coronary disease also affecting the 
coronary artery. This indicated an operative myocardial revascularization was needed.

When the patient was admitted, the ulcer, after 20 days of VAC therapy, was 
moderately anergic with a low granulation tendency. We then started straight away 
with preoperative intermittent CAP application during the three-day interval 
between the changes of VAC dressing, each time after local disinfection with octeni-
dine. Four treatments displayed an impressive induction of granulation tissue and an 
improved epithelialization starting at the edges of the wound (Figs. 12.1 and 12.2).

12.2.2  Patient 2: Intertriginous Mycoses Prior to Planned 
Transfemoral Aortic Valve Replacement

Patients who are obese and less mobile due to their age and who also have diabetes 
mellitus are more likely to have wound-healing disturbances. Particularly the hygieni-
cally critical groin areas, which is where access is gained for minimally invasive inter-
ventions (e.g. transfemoral aortic valve replacements), are predestined for such 
complications. Regularly, patients first display serous secretion with a reddening of the 
wound, this can lead to mechanical macerations or wound dehiscence and finally to a 
super infection with putrid drainage. Usually this results in lengthy healing periods 
with a risk of secondary complications. Our example shows the partially macerated 
groins and the abdominal crease of an 80-year-old, obese, female patient prior to a 
planned transfemoral aortic valve implantation with symptoms of an aortic stenosis.

Six days prior to the operation one application of CAP at 1 min/cm2 was carried 
out after disinfection with octenidine. This was followed by a daily change of dry 
dressing with gauze. The results showed dry skin conditions and increasingly less 
irritation. The planned transfemoral aortic valve implantation was completed with-
out complications (Figs. 12.3, 12.4, 12.5, 12.6, 12.7 and 12.8).

Figs. 12.1 and 12.2 Ulcer on the left medial malleolus with PAOD, left three weeks after wound 
debridement and VAC therapy, right after a further 9 days VAC therapy and three CAP applications
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12.2.3  Patient 3: Incipient Infection of the Driveline Exit Site 
on a Patient with a Left Ventricular Assist Device

Patients with foreign bodies that have contact points on the skin are generally at risk 
of infection. In the worst-case scenario, it can come to increasing wound infection 
with subsequent bacteremia and the resulting septitides. The mortality rate in such 
cases is very high. Even for patients who have the most common heart assist systems 
at present from the company HeartWare, the energy supply of the pump has to come 
from an electric cable, which is coated with polyurethane and partially covered by 
Teflon, the so-called Driveline, which exits the body via the left or right central abdo-
men. This means that there is a serious infection potential and ascending Driveline 
infections and their effects regularly curtail the length of life. The author had access 
to investigations on an ex vivo powered pump system that showed no indication of 
negative impacts to the controller or pump function, nor to the protective insulation 
of the Driveline during CAP application. We then used CAP on patients with impend-
ing ascending Driveline infections on several occasions (Fig. 12.9).

Our example shows the course of an incipient infection of the Driveline exit site of 
a 68-year-old male patient, 2 years after implantation of a HeartWare-LVAD who had 
cardiogenic shock after a heart attack. The wound which started out reddened and 
secreting pus (pathogen: clostridum difficile), worsened during a suitably  resistant 
course of antibiotics with clindyamycin and ended up in the formation of a distinct 
hypergranulation. A further smear after one week verified the development of a 
 resistance to the applied antibiotics. The course of antibiotics was then terminated.

After one single application of silver nitrate, CAP was applied on the following 
12 consecutive days for one minute respectively. The hypergranulation, secretion 

Figs. 12.3, 12.4, 12.5, 12.6, 12.7 and 12.8 Macerated groin and abdominal crease prior to 
planned transfemoral aortic valve implantation. Wound development on the left before and right 
6 days after CAP application
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and reddening immediately decreased, meaning that the patient could be sent home. 
Following four other outpatient treatments once a week, the wound had healed com-
pletely (Figs. 12.10, 12.11, 12.12, 12.13 and 12.14).

After 6 further months, this patient once again contracted an incipient Driveline 
infection with hypergranulation, which was again treated successfully in the manner 
described above (Figs. 12.15, 12.16, 12.17, 12.18 and 12.19).

In order to be able to carry out perspective outpatient CAP treatments of this patient 
as part of the Karlsburger KARLA Home Visit Program for artificial heart patients at 
home, the INP Greifswald has just recently developed the kinpen Med mobile pocket. 
This device is equipped with a 2-L pressure gas cylinder, which can be re-filled thanks 
to a special adapter, allowing manual transport and causing no problems with fitting it 
into the boot of the outpatient unit’s vehicle (Figs. 12.20 and 12.21).

12.2.4  Patient 4: Inframammary Mycoses on Critically Ill 
Intensive Patients

Serious complications in heart surgery often lead to lengthy periods of stay on 
intensive care wards. Particularly for patients who are critically ill, have recurring 
septic wounds or weak immune systems, this increases the risk of skin lesions 
due to non-movement and long-term care. In this case, a 75-year-old female patient 
who, after an emergency myocardial revascularization operation, was put on an 
external weaning station due to protracted pulmonary weaning caused by severe 
COPD, and then developed a late sternal wound healing disturbance and was conse-
quently relocated back to our clinic to treat the open wound.

A prominent inframammary candidiasis was found on both sides with emerging 
fissures, which were not healed by the nursing measures which were implemented.

This was followed by the application of CAP to the patient’s right-hand side on 
four consecutive days and after each application the wound was dressed with gauze. 
After twelve days, the patient’s right side shew almost complete healing of the 
wound. The left-hand side was then treated three times with CAP application in the 
same manner and after 15 days, we documented the completion of wound-healing 
(Figs. 12.22, 12.23, 12.24, 12.25, 12.26 and 12.27).

Fig. 12.9 Plasma 
application of the area 
surrounding the Driveline 
exit site on LVAD patients

12 The Use of Cold Atmospheric Pressure Plasma (CAP) in Cardiac Surgery



206

Figs. 12.10, 12.11, 12.12, 12.13 and 12.14 Course of wound healing with an incipient Driveline 
infection: (a) Day 0: secreting exit site, (b) Day 7 hypergranulation at 9–11 o’clock after a week of 
conventional changes of dressing and course of antibiotics with Clindamycin, (c) Day 8 after one 
single application of silver nitrate, (d) Day 35 after 15 CAP applications, (e) Day 57 wound 
situation 1 month after completed therapy

a b

c

d e
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Figs. 12.15, 12.16, 12.17, 12.18 and 12.19 (a) Day 0 reoccurrence of hypergranulation at 5–8 
o’clock, (b) Day 7 after one single local application of silver nitrate, (c) Day 10 after 3 CAP 
applications, (d) Day 14 after 7 CAP applications, (e) Day 102 3 months after end of therapy

Fig. 12.20 kinpen Med 
mobile pocket for 
outpatient CAP therapy of 
patients with implanted 
heart support systems
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Fig. 12.21 kinpen Med 
mobile pocket for 
outpatient CAP therapy of 
patients with implanted 
heart support systems

a b

e f

c
d

Figs. 12.22, 12.23, 12.24, 12.25, 12.26 and 12.27 Inframammary fissures due to candidiasis 
on a critically ill patient after an emergency myocardial revascularization operation. (a) and (b) 
initial state, (c) after 4 CAP treatments on the right-hand side after 12 days, (d) left side at the same 
stage, (e) state after a further 15 days, (f) at the same stage after 3 CAP treatments to the left-hand 
side
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12.3  Current Limitations and Risks of Plasma Therapy

In order to attain the initial goal of avoiding wound healing disturbances in the tho-
rax region as best as possible, or the acceleration of their healing without unwanted 
effects for the patient or examiner, more detailed tests are needed. Firstly, plasma 
applicators that cover larger surfaces are needed to reduce the amount of time 
needed per application and to avoid local plasma overdoses. Secondly, a handpiece 
which can be sterilized is needed for possible intraoperative use. And last, but not 
least, it must be guaranteed that no unwanted effects are seen in either the patient, 
or the operator when used for long periods of time.

12.3.1  Ozone Concentrations During Permanent Plasma 
Application

When using plasma devices, ozone is released and can actually be faintly smelled. 
Ozone that occurs close to the earth’s atmosphere is usually created by photochemi-
cal processes between nitrogen oxides and volatile organic compounds during 
intensive periods of sunshine. Ozone is classified as a secondary pollutant, because 
it can trigger respiratory problems due to inflammation. The MAK-Commission 
(Permanent Senate Commission for the Investigation of Health Hazards of Chemical 
Compounds in the Work Area) from the DFG (Deutsche Forschungsgemeinschaft) 
assessed ozone as a substance that “is suspected of causing cancer in humans”. The 
reform of the Gefahrstoffverordnung (Hazardous Substances Ordinance—
GefStoffV) meant that the maximum workplace concentration (MAK-Wert) was 
replaced by the Arbeitsplatzgrenzwert (workplace exposure limit—AGW). The 
MAK-Wert for ozone was 0.2 mg/m3 or 0.1 mL/m3. As no AGW has been set yet for 
ozone, the previous MAK-Wert or international exposure limits of 0.12 mg/m3 (BG 
ETEM Information Sheet No. 526) serve as orientation for concentrations at the 
workplace, which after conversion, corresponds to 0.06 ppm.

A measurement of the ozone concentration during permanent plasma applica-
tion, which took place in a 39.1 m3 unventilated examination room at our clinic, 
using a APOA-360-Measuring device from the manufacturer HORIBA, revealed 
that using the kinpen Med from the manufacturer neoplas tools with a feeding gas 
flow (Argon) of 5 L/min was safe to use externally for operator and patient regard-
ing its ozone pollution, as long as the distance between the patient’s or operator’s 
head to the source of pollution was greater than 40 cm (see Figs. 12.28 and 12.29).
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Fig. 12.28 Ozone concentration [ppm] in an unventilated examination room, 40 cm from the 
kinpen Med handpiece during permanent therapy
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Fig. 12.29 Ozone concentration [ppm] in an unventilated examination room, depending on the 
distance (I) of the handpiece to the measuring device
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12.4  Outlook

We have not yet been able to fulfill our hope of preserving our heart surgery patients 
fully from the extensive complications of a profound wound healing disturbance 
and its effects. However, the experience we have made so far with the use of plasma 
has confirmed our expectations that the further development of plasma generators 
made to meet cardiac surgery demands in particular, can be expected to achieve a 
considerable advancement in surgical wound prophylaxis and therapy, as well as the 
reduction of resistances to antibiotics. It is not clear at this moment in time as to 
whether postoperative mediastinitis or sternum osteomyelitis will be avoidable in 
the future. It is, however, a fact that surface wound healing disturbances can be 
healed significantly faster when using plasma therapy.

In our opinion, this opens up the following areas of work at the interface between 
plasma medicine and cardiac surgery or surgery in general for the coming years:

• Plasma modifications for the optimal application on wounds with different eti-
ologies in different areas of the body and with the presence of various 
pathogens

• Possibilities of plasma sterilization of surgical instruments during operative 
interventions

• Effects of plasma atmosphere during operations in body cavities
• Plasma wound disinfection of primary or secondary wound closures
• Plasma suture treatment in the early postoperative phase
• Plasma surface activation prior to introduction of implants
• Plasma surface modification to improve the biocompatibility of implants
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13Selected Settings of Clinical Plasma 
Treatment

T. Urayama and M. McGovern

13.1  Development of Plasma Device for Chronic Wound 
Treatment

13.1.1  Introduction

Plasma generated from atmospheric pressure to high pressure has been mainly used 
as a high temperature heat source for large scale facilities such as melting of metals 
and incineration of garbage. Additionally, low pressure plasma is widely used in 
semiconductor manufacturing processes and flat panel display manufacturing pro-
cesses. It has recently been used for material processing applications including sur-
face modification processing such as coating. On the other hand, application of 
atmospheric pressure plasma which does not require pressurization or decompres-
sion has also been studied for industrial applications. It has become possible to 
develop semiconductor and flat panel display manufacturing processing applica-
tions currently in widespread use [1–5]. Atmospheric pressure plasma had limited 
applications due to the high temperature of the plasma generated or it is generated 
at a low temperature but the effective use area is extremely limited. However, recent 
research and development has made it possible to diversify plasma sources such as 
low temperature regardless of the torch structure, atmospheric pressure plasma has 
started to expand to various fields including thin films such as semiconductors, flat 
panel displays, and solar cells. Additionally, application development in the field of 
biotechnology and medicine is also emerging, especially deployment for 
therapeutic applications using plasma technology for disinfection with wounds care 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_13&domain=pdf
mailto:Takuyaurayama@adtec.eu.com
mailto:mary@adtec.eu.com


214

in addition to conventional plasma sterilization technology. In October 2007, the 
International Conference on Plasma Medicine (ICPM) was held in Texas, USA, and 
six meetings have been held so far. The seventh time will be held in Philadelphia, 
USA in June 2018. The conference has been growing and interest in plasma therapy 
has increased. ERBE (Erbe Elektromedizin GmbH [6]) Germany has developed and 
marketed a therapeutic plasma device—an argon plasma coagulation device APC 2 
(Fig.  13.1). This device is mainly used in postoperative hemostasis, burn tissue 
locally by using Joule heat at discharge, and coagulate the blood. It can also be used 
with an endoscope so, it is used for hemostasis after incision surgery such as inter-
nal organs. Meanwhile, medical devices using atmospheric pressure low tempera-
ture plasmas, which have been actively researched and developed in recent years, 
are still in the process of commercialization. In 2017 ADTEC Steriplas gained the 

Argon flow
HF-electrode

Plasma jet

Tissue

Fig. 13.1 Plasma coagulation device APC 3(ERBE)
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first commercial achievement for surgical site effect. The atmospheric pressure low 
temperature plasma generates a plasma that can be used at a temperature (40 °C or 
lower) and low enough to be touched. The characteristic of atmospheric pressure 
low temperature plasma is that it is possible to treat by plasma an object at low tem-
perature and has potential applications in treating heat-sensitive materials which 
could not be treated with high temperature (several hundred degrees or more) plas-
tic, films, paper also including biomaterials. The disinfection efficacy of plasma 
treatment for microorganisms such as E. coli [7] has been confirmed in a clinical 
study for wound care treatment concluded in 2014 with the MicroPlaster© devel-
oped by Max-Planck institute and ADTEC Plasma Technology. Clinical study 
results of more than 4000 plasma treatments on more than 350 patients confirmed 
the safety of plasma treatment in MicroPlaster©. Clinical trials are continuing post 
market supported by Adtec Europe ltd after 2014, and efficacy on Surgical site 
infections and biofilms have also been confirmed. In 2016 ADTEC EUROPE Ltd. 
launched business as ADTEC Health care with product “Adtec SteriPlas©”. First 
sales achieved in early 2017.

13.2  Plasma Device at Atmospheric Pressure

The atmospheric pressure low temperature plasma device is shown in Fig. 13.2 
This device was developed by Adtec PlasmaTechnology, Co. Ltd in Hiroshima 
JAPAN, in 2002. This device uses microwave power (2.45  GHz) as an energy 
source, the microwave power is fed through to the antenna in the torch via coaxial 
cable, and at the same time, gas is passed around the antenna to generate plasma. 
The generated plasma emerges from bottom of torch and the jet generated at low 
temperature can be touched. The length of the jet is from several cm to 10 cm, but 
the length depends on the gas flow rate and input power, and the colour of the jet 
depends on the gas materials. This device can generate atmospheric pressure 
plasma with argon gas mixed with nitrogen gas. The input power is from a few 
watt to several hundred watt, the gas flow rate can be from 0.5 slm to several tens 
slm, the plasma temperatures can be controlled from room temperature to several 
hundred by adjusting the input power, gas flow rate, and type of gas. Waveguides 
have been used for the propagation of high-power microwaves so far, however, 
coaxial cables are used to propagate in this device. Coaxial cables improve the 
flexibility regarding the operation of the plasma torch. This flexibility improve-
ment makes it possible to develop various applications that could not be consid-
ered in conventional waveguide. In general, a magnetron type has been mainly 
used for the microwave power source because of cost and technical problems 
which the usable output range of the magnetron type microwave power source is 
100 W or more. This is not suitable for use at several watts to several tens watt like 
our plasma torch. Therefore, solid state type microwave power supply and coaxial 
type automatic tuning device has been developed with ADTEC Plasma Technology 
Co., Ltd. and Nagano Japan Radio Co., Ltd. The maximum power is 150 W and 
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utilizes the characteristics of the solid state, it can control the output power from 
1 W with coaxial output. The automatic tuning device withstands through power 
up to 500 W. With this microwave power supply and automatic tuning device put 
into practical use, it is possible to connect all microwave components by coaxial 
cable. As a result, the system as a whole has more flexibility, and it is possible to 
design a scalable smaller microwave system. An example is shown in Fig. 13.3. 
This device is an all-in-one atmospheric pressure plasma system built in the solid-
state microwave power supply, automatic tuning, gas control and control 
PC. Basically, a simple automatic control that can generate plasma with one start 
switch has been realized. It is able to control microwave output, gas flow rate by 

Gas In

Plasma jet

Coaxial cable
Fig. 13.2 Microwave 
atmospheric pressure gas 
plasma torch (Adtec 
Plasma Technology Co., 
Ltd)
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connected PC if it is necessary. In additionally, rack mounted model and low 
power model with less than 1 W generated plasma has also been developed (Adtec 
Plasma Technology Co., Ltd). Figure 13.4 shows the results of plasma treatment 
for metal plate, plastic plate and polyimide film by these plasma devices. Although 
it has been able to improve the hydrophilicity of the surface by generating plasma 
with argon gas as the main and mixing a small amount of oxygen, nitrogen etc., 
there is no melting or damaging on the surface at that time. From these result, it 
can be said that the plasma is able to treat at low temperature. From this result, 
plasma treatment to biomaterial was attempted. It was confirmed that plasma was 
able to reduce activity of E. coli which is treated by argon gas plasma at 40 W 
microwave power with 40 °C as a gas temperature. In general, plasma sterilization 
devices were considered toxic to human body using hydrogen peroxide at higher 
temperature. Results shows this device is able to inactivate microorganisms with 

Fig. 13.3 Microwave Atmospheric pressure plasma device APTN-150 (Adtec Plasma Technology 
Co., Ltd)
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argon gas which is an extremely stable fundamentally harmless gas at low tem-
perature and is said to be harmless to the human body.

13.3  Disinfection by Plasma

From these result, it was found that there is a possibility of inactivation of bacteria 
such as disinfection/sterilization by microwave.

atmospheric pressure low temperature plasma (disinfection). Please also refer to 
disinfection result with plasma treatment for Bacillus subtilis in a spore state with a 
plasma jet of 80 °C [8–10]. It has been the theory that high temperature disinfection 
is treated at 120 °C or higher, however, in this experiment disinfection of spores 
with argon plasma at about 80 °C was confirmed. The result of plasma treatment for 
active bacteria. Figure 13.5 shows treatment result by microwave atmospheric pres-
sure argon plasma for E. coli on agar plate with 2 min and culturing for 16 h. The 
plasma gas temperature at that time is 40 °C or less. It is shown that there is a region 
which is sterilized around centre. It shows that it is able to be disinfection by micro-
wave atmospheric pressure plasma generated by argon gas only not by a thermal 
factor. Regarding the mechanism of this disinfection has not been established yet 
and is under discussion with researchers. However, here are some possibilities that 
can be considered from the result so far.

Figure 13.6 shows the gas temperature distribution in the axial direction of the 
plasma gas. Z = 0 mm is the outlet of the torch, plasma gas temperature has dropped 

Plastic/before Aluminum/before Thin films/before

Plastic/after Aluminum/after Thin films/after

Fig. 13.4 Surface treatment result of microwave
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Fig. 13.5 Plasma 
treatment for E. coli
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Fig. 13.6 Gas temperature distribution in the axial direction

to 40 °C or less at Z = 20 mm. Otherwise, there is higher plasma gas temperature 
within Z  =  20  mm which can be imagined that there are many active species 
(Fig. 13.7). The various active species are produced by higher energy active species 
mixing with air around the torch outlet and they include NO2 or ozone which seems 
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to be active in disinfection. It is considered that these secondary produced species 
are the main active agents on disinfection. In additionally, collision by argon ion or 
UV from plasma are also considered to have a role in disinfection. The important 
point is that non-toxic gas plasma generated at almost human body temperature is 
able to deactivate bacteria. This means that it is able to disinfect bacteria on human 
body by plasma directly, for example, bacteria on the skin.

13.4  Clinical Study for Clinical Wounds

Figure 13.8 shows one example of clinical wounds. Plasma treatment was tested on 
clinical wounds. From the result so far, it has been confirmed that atmospheric pres-
sure argon gas plasma is able to disinfect bacteria in 40 °C or less. Therefore, it is 
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treated by plasma directly for clinical wounds for disinfection. It is a clinical study 
to stop progress of disease condition by disinfection and to promote treatment by 
encouraging skin regeneration ability. Clinical trials were conducted on patients at 
multiple hospitals. Clinical study was conducted Phase I and Phase II and no side 
effects or adverse events were reported. Here is short explanation about clinical tri-
als, although a lot of countries take their own approval, generally similar methods 
are taken and roughly exist from Phase I to Phase VI. Phase I is generally a basic 
experiment including animal experiments, and the possibility of effects and side 
effects is examined. In addition, clinical study on the human body are conducted by 
Phase II, and tests are carried out on the effects and side effects. As an advantage of 
this atmospheric pressure low temperature gas plasma treatment method, there is no 
concern about allergic symptoms caused by drugs and the greatest advantage is that 
it does not cause pain to the patient. In particular, patients suffering such wounds 
complain of pain even if a little movement. In addition, Fig. 13.9 shows skin condi-
tion at 3 and 7 min after atmospheric pressure argon plasma treatment. As shown in 
this figure, the skin is composed of overlapping of various layers, but the epidermis 
close to the surface layer is generally newly regenerated from about 4 weeks to 
6 weeks, and the dermis under the epidermis, its It consists of the underlying subcu-
taneous tissue [11–13]. Epidermis is newly born with the basal layer at the lower-
most layer of the epidermis and nutrients for epidermal neogenesis are sent from the 
dermis but when these tissues seem to die it will be late or stop. Therefore, it is also 
important in clinical study to investigate how far the effect of plasma effectives. 
Table 13.1 shows the main items to be carried out in clinical study. In clinical study 
Phase I, we conducted experiments on human body including animal experiments. 
In additional, Phase II has been tested for a considerable number of patients 
(Table 13.2). In addition to this item, we verified the placebo effect, conducted more 
cases and clinical trials on patients. It shows the marketing research result how 
many patients having such symptoms are in the world. Figure 13.10 is the top five 
treatment costs in particular for skin diseases in the United States. Among them, the 
proportion of medical expenses for wounds accounts for a considerable number, and 
it is reported that there are more than 800,000 patients. There are various types of 

3min treatment 7min treatment

Fig. 13.9 Skin section after plasma treatment

13 Selected Settings of Clinical Plasma Treatment



222

skin diseases, some example is shown in Fig. 13.11. It is necessary to contact with 
the affected area such as applying medicine for disinfection. However, as able to be 
seen from Fig. 13.11, it is not hard to imagine that contact may be painful with treat-
ment. On the other hand, the painless treatment by atmospheric pressure gas plasma 
treatment may have a big impact with advantage for treatment and quality of life for 
the patient.

13.5  Development of Atmospheric Pressure Plasma 
Treatment Device

From these points of view, there was considered that there is sufficient superiority 
in developing a treatment device using atmospheric pressure plasma which can dis-
infect without pain. ADTEC Plasma Technology. (Japan) and Max Planck Institute 
(Germany) has developed “MicroPlaSter©” for atmospheric pressure plasma 

Table 13.1 Characteristics of the patient group and wounds

Characteristics Group A Group B Group C
Number of patients 70 27 18
Female 32 17 12
Average age (years) 69.7 74.9 75.2
Age > 80 years (%) 27.1 48.1 50.0
Anteil systemischer Antibiotika (%) 80.0 88.9 83.3
Patients with heart disease (%) 58.6 55.6 72.2
Patients with diabetes (%) 24.3 14.8 11.1
Patients with lung disease (%) 15.8 7.4 5.6
Anteil chronisches Lymphödem (%) 14.3 18.5 16.7
Immobile patients (%) 10.0 14.8 13.8
Overweight patients (%) 30.0 29.6 27.8
Smokers (%) 12.9 7.4 0
Patients who regularly consume alcohol (%) 7.2 11.1 11.1
Patients suffering from allergies (Type I or IV) (%) 35.7 55.2 55.5
Patients with more than one wound (%) 67 (81.4) 21 (77.8) 16 (88.9)
Number of plasma treatments (Timespan) 8.39 (4–39) 8.22 (4–39) 7.1 (4–19)
Initial average length of wound (plasma) (cm) 4.5 4.1 3.2
Initial average length of wound (control) (cm) 4.4 4.3 4.8
Initial average width of wound (plasma) (cm) 3.8 3.6 3.2
Initial average width of wound (control) (cm) 3.8 3.9 3.6
Average change in wound length (plasma) (%) 8.2 4.4 2.7
Average change in wound length (control) (%) 5.1 8.7 8.4
Average change in wound width (plasma) (%) 10.4 11.4 14.6
Average change in wound width (control) (%) 4.2 0 0
Presence of wound (<3 months) (%) 17.1 7.4 5.6
Presence of wound (3–12 months) (%) 44.3 48.4 50.0
Presence of wound (>12 months) (%) 38.6 44.4 44.4

T. Urayama and M. McGovern
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treatment device using microwaves. Figure 13.12 shows MicroPlaSter© be-ta model. 
This device has 150 W solid state type microwave generator and auto tuning unit 
and also, this device has mass flow controller that is controlled automatically by 
computer. It is designed to be simple to use and able to control everything by touch 
panel screen in front panel for operator who is doctors or nurses. On the other hand, 
there is another operation panel inside of device which is for various conditions to 
use, so it is designed to operate anywhere there is electric power supply plug. 
Figure 13.13 shows the plasma torch for MicroPlaSter©. From Fig. 13.11 shows, 
affected area varies, our plasma torch has six electrode which is for generated 
plasma that is covered for 40 mm diameter treatment area. This plasma torch is 
attached to the tip of the arm in this device and this arm is freely moved to the 
affected area of the patient for plasma treatment. The device had a function for pla-
cebo effect which is mechanism for warmed argon gas heated by an electric heater 
from the torch instead of plasma. It is able to create a state where it is unknown for 

Table 13.2 Characteristics of the patient group of the placebo-controlled clinical study with 
Herpes Zoster

Treatment (plasma 
5 min)

Control (Argon gas 
5 min)

Patients 19 18
Average age (span) in years 64.3 (19–94) 61.8 (27–91)
Ratio of females 8/19 (42.1%) 7/18 (38.9%)
Trigeminal region affected 8/19 (42.1%) 10/18 (55.6%)
History of cancer 2/19 (10.5%) 2/18 (11.1%)
Cardiovascular disease 6/19 (31.6%) 9/18 (50%)
Number of treatments (average per patient) 89 (4.68) 81 (4.5)
Initial pain, VAS span (median) 0–10 (3) 0–8 (2.5)
Pain during follow-up 2, VAS span (median) 0–3.5 (0) 0–3.2 (0.5)
Improvement of pain—patient numbers 54/89 (60.7%) 33/81 (40.7%)
Deterioration of pain—patient numbers 0% 10/81 (12.3%)
No change in pain—patient numbers 35/89 (39.3%) 38/81 (46.9%)
Average pain reduction, VAS Span (median) 0–4.5 (0.6) 0–3.5 (0.3)
Participant follow-up 1 (2 weeks) 10/19 (52.6%) 11/18 (61.1%)
Pain during follow-up 1 4/10 (40%) 5/11 (45.5%)
Participant follow-up 2 (4 weeks) 9/19 (47.4%) 10/18 (55.6%)
Pain during follow-up 2 2/9 (22.2%) 4/10 (40%)
DLQI during first visit 1, span (median) 0–18 (6) 1–20 (8)
DLQI after last treatment, span (median) 0–23 (8) 0–17 (5)
DLQI follow-up 1, span (median) 1–18 (4) 0–19 (7)
DLQI follow-up 2, span (median) 0–16 (3.5) 0–7 (1)
Number of patients with improved of DLQUI 
after discharge

8 9

Number of patients with no change in DLQUI 
after discharge

2 0

Number of patients with deteriorated DLQUI 
after discharge

7 7
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patients whether it is treated by plasma or warm argon gas. Further, Fig.  13.14 
shows main screen of this device. The device has two screens for displaying current 
status and information input. The operator selected a plasma generation mode which 
is plasma treatment or placebo and pressed the start button only. Treatment timer is 
selected time and the treatment is started. This device has been developed with the 
knowledge that expert knowledge and experience is unnecessary for operation, so it 
is even possible to operate from that day on which it is delivered. We had developed 
an atmospheric pressure plasma treatment device with such a function and this 
device was released in multiple units for clinical study conducted at hospitals in 
Germany and Russia.

Venous disease Arterial disease Infection

Diabetes Skin cancer Gangrenous pyoderma

Fig. 13.11 Chronic skin ulcer
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Fig. 13.12 MicroPlaSter©

Connector

shower plate

torch body

electrodes

igniter

Plasma outputZ

Ar

Fig. 13.13 Atmospheric plasma torch for MicroPlaSter©
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13.6  Commercialization

In this way, it was found that atmospheric pressure plasma can be generated at low 
temperature that is able to use for a new application which has never existed before. 
We have developed the atmospheric pressure gas plasma device which treated 
plasma directly to the human body for disinfection which is first time in the world. 
The results of clinical study in this device led to propose new possibilities to con-
ventional medical devices, which leads to gentle treatment to reduce the burden on 
patients. After completing the clinical study in 2014, we confirmed clinical efficacy 
with no side effect or adverse events reported. It is a proven safe device, it is difficult 
to create resistant bacteria and it is a painless treatment. From these result, we have 
commercialized this device. ADTEC Europe ltd is a subsidiary of ADTEC Plasma 
technology in Japan which has offices in London, U.K.  ADTEC EUROPE Ltd. 
acquired ISO 13485 in 2015 and obtained approval as a medical device manufac-
turer. We commercialized MicroPlaSter© as a evaluation model and commercialized 
Adtec SteriPlas© as an atmospheric pressure plasma medical device in Adtec 
Healthcare Brand in 2016 (Fig.  13.15). Adtec SteriPlas© further developed the 
MicroPlaSter© technology, succeeded in miniaturization with half the weight and 
more simple operations. After commercialization, positive evaluation and sales 
activities have been carried out, clinical trials have been conducted on wound treat-
ment of diabetic patients, Surgical site infections, actinic keratoses, etc. in addition 
to usual wound treatment, and good results have been obtained.

Fig. 13.14 One of example for operation display
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13.7  Clinical Evidence of ADTEC MicroPlaSter/SteriPlas

13.7.1  Introduction

This document concerns the overall clinical evaluation of ADTEC Healthcare non-
thermal gas plasma generating devices (NTGP). The following devices fall within 
this group:

Fig. 13.15 Adtec 
SteriPlas©

T. Urayama and M. McGovern
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• MicroPlaSter—ARPP-MS-02
• SteriPlas—ARPP-SP-01

The ARPP-SP-01 is a new product in the MicroPlaSter family. The ARPP-SP-01 
(SteriPlas) is the next generation of the ARPP-MS-02. (MicroPlaSter). The Plasma 
generating device used in the treatment head is exactly the same in the MicroPlaSter 
and SteriPlas.

The clinical efficacy and results are therefore the same in the MicroPlaSter and 
SteriPlas and we use the data from the MicroPlaSter Clinical report to justify the 
clinical evidence of the SteriPlas.

13.8  Applicable Regulations, Standards and Guidelines

The present evaluation was performed according to the requirements and guid-
ance of

• MDD 93/42/EC Annex II.
• EN ISO 14155 Clinical investigation of medical devices for human subjects—

Good Clinical Practice.
• EN ISO 14971 “Medical devices—Application of risk management to medical 

devices”.
• MEDDEV 2.7.1 Evaluation of clinical data: A guide for the manufacturers and 

notified body.
• BS EN 60601-1 Medical electrical equipment—Part 1: General requirements for 

basic safety and essential performance.
• IEC 60601-1-2 Medical electrical equipment—Part 1–2: General requirements 

for basic safety and essential performance—Collateral standard: Electromagnetic 
compatibility—Requirements and tests.

• BS EN 62304 Medical device software. Software life-cycle processes.
• BS EN 62366-1 Medical devices. Application of usability engineering to medi-

cal devices.

13.9  Safety Precautions/Contraindications

Full Risk assessment of the device has been carried out following EN ISO 14971.
The toxicity and mutagenicity of argon plasma has been investigated [15].

13.10  Claims and Studies

Gas Plasma has been shown to have a greater microbial load reduction than antibiot-
ics on wounds in Randomized Controlled Clinical Trials [16] and has efficacy 
against biofilms [17–19]. It has proven efficacy in management of infection in 
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surgical site infections [20, 21]. Gas Plasma is also a broad spectrum antimicrobial 
(including multi-resistant strains) and with a physical mode of action, resistance is 
unlikely [22].

13.10.1  Chronic Wounds

This research project initiated the first study using such a low temperature argon 
plasma machine in an “Add-on” capacity on patients with chronically infected 
wounds, due to those already mentioned problems in the treatment of chronic ulcers 
and rising resistance among bacteria [23]. The patients received 1× daily plasma 
treatment lasting 5 min with the MicroPlaSter Alpha machine, on a random wound 
(in case of multiple ulcers) or a randomly chosen half of a wound (in case of a larger 
wound). The patient served as a self check. This made it possible that the antibacte-
rial effect could clearly be attributed to the plasma treatment—both wounds and 
wound halves received the identical wound treatment. Also any systematically pro-
vided antibiotics always affected the treated wound as well as the control area.

During this stage a blind/double blind test was not possible, because the first 
machine (MicroPlaSter alpha) did not contain a placebo mode and the patient as 
well as the operator could see and smell the plasma.

After testing with 36 patients who suffered from 38 infected ulcers of differing 
aetiology (Fig. 13.16), it could be shown that as a result of the Plasma treatment (a 
total of 291 treatments, meaning the average treatment interval per patient was 7.86) 
significantly more bacteria could be reduced, regardless of the type of infection or 
the resistance pattern (microbial spectrum, see Fig. 13.17).

The additional benefit for the area treated with plasma was around 34% (p < 0.01) 
(Fig. 13.18).

Venous Ulcer 47%

Pyoderma 21%

primary aetiology of ulcers

Cellulitis 8%

Traumatic Ulcer 3%

Diabetic Ulcer 5%

Venous-Arterial 5%

Arterial Ulcer 11%

Fig. 13.16 Aetiology of the chronic ulcers
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The relatively high rate of reduction of around 33% in the control area can hap-
pen due to various factors.

Firstly, the filter method represents a light debridement. Additionally the 5 min 
treatment time in the treated area means a certain drying effect could not be avoided. 
Also, 14 patients with a large ulcer were recruited. Here, despite the >0.5 cm safety 
distance, it is possible that plasma components made their way into the control area, 
or that the wound fluids themselves were altered by the plasma, and so the control 
area was inadvertently treated as well to some extent.

Another important finding of the study was that the plasma treatment was com-
pletely painless and did not cause side effects. The patients merely experienced a 
“warm breath of air”, which depending on environmental temperature could vary 
from 20 to 33 °C and which patients experienced as pleasant.

After tests that found that the UV dosage produced by the plasma treatment were 
already negligible according to international standards, [24] the efficacy of a reduced 
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Pseudomonas
aeruginosa 17%
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aureus 13%

Meticillin-resistant
S. aureus 3%

Coagulase-negative
streptococci 18%
(normal skin flora)

Stenotrophomonas 3%

Enterobacteriaceae 18%

Enterococcus 8%

Pathogenic streptococci 7%

Micrococcus 1%

Acinetobacter 1%

Corynebacteria 2%

Fig. 13.17 Microbial spectrum of the chronically infected ulcers
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treatment time of 2  min was to be tested. Furthermore the plasma machine was 
improved. The machine (MicroPlaSter beta) became visibly more compact, benefit-
ted from a much better arm and allowed for mixing in further gases, as well as a 
placebo treatment mode with pure Argon gas. The latter was not yet employed at 
this point—other gas mixtures were not used during the entire duration of the study.

Within a different group of patients, now the efficacy of a 2 min plasma treatment 
with reduced UV-load and clear timesaving was to be tested, subject to approval of 
the amendment by the ethics committee. At the same time, the efficiency of both 
generations of machine (MicroPlaSter alpha and beta) was to be compared.

24 patients with chronically infected wounds were treated according to the same 
schedule as during the study previous—however employing a plasma therapy last-
ing 2  min (Isbary et  al. 2012, publication 4). 14 patients (aged 49–85, average 
72.4 years old) received the treatment with the MicroPlaSter alpha machine—a total 
of 70 treatments. 10 Patients (aged 41–88, average 76.0 years old) were treated 137 
times in total with the newer MicroPlaSter beta. The result was significant reduc-
tions with a benefit of around 40% (p < 0.016) with plasma treatment using the 
alpha machine and highly significant reductions of 23.5% (p < 0.008) using the beta 
machine (Fig. 13.19).

The reduction once again was achieved regardless of type of infection (microbial 
spectrum of both treatment groups, see Fig. 13.20).
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Once again no side effects were observed and the plasma treatment as painless.
Until now, the pain-free and so far side effect free plasma treatments on wound 

patients could only demonstrate that the treatment brings with it an additional anti-
bacterial effect. In vitro and in vivo results from the study of Arndt et al. [23, 25] 
however showed, that with the help of low temperature plasma (MicroPlaSter beta) 
important genes for the wound healing mechanism could be induced and therefore 
sped up wound healing in tests with mice.

In vitro it could be demonstrated that the 2 min plasma treatment—analogous to 
the in vivo treatment time on a patient—stimulates/induces pro-inflammatory 
Zytokine and growth factors, meaning respectively IL-6, IL-8, MCP-1, TGF-ß1 and 
TGF-ß2. Furthermore, the treatment did not lead to a change of proapoptotic factors 
or anti-apoptopic markers Migration rates of Fibroblasts had increased after the 
2 min treatment—an important factor in the context of wound healing. At the same 
time no increased proliferation rate could be detected—this is also important in the 
avoidance of hypertrophic scars or keloids. Also, collagen type 1 and alpha-SMA 
were activated by the plasma treatment in vitro—this is important for the end phase 
of wound healing.

In vivo, the artificially created wounds at the back of mice healed better in the 
area treated by plasma, than they did in the control area with the placebo treatment 
(pure argon treatment). On the third and fifth treatment day, the wounds were sig-
nificantly smaller. Looking at histology, the wounds treated with plasma showed 
heightened Macrophage counts. Also, plasma increased the chemical attractor for 
neutrophil granulocytes GRO alpha and serpine E, which are important in the 
remodelling phase and also attracts leukocytes. These facts, as well as the results 
from the previous in vitro studies demonstrate that plasma can especially support 
the healing during the initial stage of infection. On the 15th treatment day it was 
observed that plasma treated wounds showed a more homogenous and thicker epi-
dermis layer than control wounds. The collagen fibres in the treatment area were 
taut and well ordered. In contrast, the connective tissue in the control area was very 
loosely structured.

13.10.2  Acute Wounds

Another part of this research project was the study of using plasma to possibly 
speed up wound healing in patients with acute wounds [26]. For this, patients with 
split skin crafts after excisions of skin tumours were recruited.

In a randomised placebo controlled study, 40 patients (aged 26–92 years old, 
average age 64.7  years) received a daily 2  min plasma treatment (MicroPlaSter 
beta) on the skin graft donor site. The skin graft donor sites on different patients 
were very homogenous acute wounds in terms of wound depth and location, due to 
the technique used to remove the skin grafts. The control treatment consisted of 
pure argon gas treatment on the opposing wound half. The size of the graft donor 
site varied between 9.0 and 78.8  cm2 (average size 30.9  cm2). The success was 
judged by two independent researchers according to a double blind procedure, 
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considering reepithelialisation, number of blood crusts, fibrin layers and wound sur-
roundings. The results showed that from the second treatment day, those wounds 
treated with plasma showed significant improvements in wound healing when com-
pared with control wounds (Fig. 13.21). Positive effects were seen in the reepitheli-
alisation, reduction of fibrin layers and blood crusts. The wound surroundings did 
not change significantly in both treatment areas. In no case did any wound infection 
take place during the study. This study supports the assumption, that plasma also 
supports wound healing in non infected wounds. Once again the pain-free treatment 
was well tolerated.

Evaluated by two independent researchers according to double blind procedure. 
The benefit for the side treated with plasma becomes clear after the second, respec-
tively third plasma treatment.

13.10.3  Chronic Wounds

Based on the results of the study on acute wounds, another open, retrospective ran-
domly controlled study was begun to research the effect of the MicroPlaSter alpha 
on wound healing (as a secondary endpoint) (Fig. 13.22) [27].

It remains to be noted that wound healing in this study is only the secondary end 
point and that the study design was conceptualised for proving a reduction in micro-
bial load and not to judge wound healing. The maximum wound lengths and breadths 
in the treatment and control areas were compared to the same markers during the 

Treatment session 1 (14.07.09) Treatment session 2 (15.07.09) Treatment session 6 (21.07.09)

Treatment session 8 (23.07.09) Treatment session 9 (24.07.09) Follow up (13.08.09)

Argon Plasma

Fig. 13.21 Skin graft donor sites treated with placebo (Argon) and plasma
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previous treatment. Neither the wound depth and wound area calculation were 
recorded. This was for the following reasons: when the wound area is calculated 
(length × breadth), the total area will constantly be estimated as bigger than what it 
actually is. Adding wound depth as a third dimension would have worsened the 
above mentioned calculation error. It was not possible to use a computer to measure 
the wound size by using digital images, because of the number of larger wounds in 
various locations on the body with different angles and distances towards the digital 
camera, meaning wounds would not always fit into one digital figure. For this reason 
the very simple method of recording the wound lengths and breadths was used.

Patients in this study were divided into three groups.

 (a) Group A contained 70 patients with chronic infected wounds of different aetiol-
ogy (Fig. 13.23) who were treated between 3 and 7 min with plasma in an add-
 on procedure. In this group significantly larger reductions in wound length and 
breadth compared to control wounds were observed.

 (b) Group B was a sub group of Group A, contained 27 patients with chronic venous 
ulcers, who were also treated between 3 and 7 min with plasma. Within this 
group, the plasma treated wounds significantly improved in terms of breadth 
when compared to the control. However there was no significant change in the 
wound length.

 (c) In the sub group C, a very homogenous group, there were only patients with 
chronic venous wounds who received a 5 min plasma treatment. In this group 
the plasma again led to a significant improvement in wound breadth, but not in 
wound length.
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The fact that the wound lengths in group B and C did not improve significantly, 
can be caused by the location of most of the wounds, on the calf. The wound 
breadth would experience less mechanical stress, since it opposes the natural 
direction in which the body experiences tension. Furthermore the possibility 
exists that the wounds in order to achieve healing in the wound length, the wound 
must first become broader in order to make a length reduction under a lot of stress 
possible. A further point that needs to be noted is the randomisation process. The 
randomisation took place according to distal, or proximal localisation. The wound 
length in these solitary wounds however is calculated by adding the length of the 
control and treatment half. This means that a potentially positive effect in the 
treatment area is less obvious than when plasma is applied on the entire length of 
the wound.

When interpreting the results, further points need to be noted. The collective 
of patients contained some negative predictive values in terms of wound heal-
ing. Table  13.1 shows the various patient and wound characteristics. In this 
study included chronic wounds regardless of aetiogenesis, localisation, wound 
size, duration, and age of the patient (except for inclusion criteria which state 
that all patients must be of legal age). All these factors can influence wound 
healing.

A further limitation is the short inclusion period caused by deciding microbial 
load as the primary end point. The patients received on average around eight plasma 
treatments, which means a very short treatment time of about 2 weeks. However, 
chronic wounds require a relatively long healing time, and the best timeframe to 
decide the success of the healing tendency has been set at 4 weeks. Possibly there 
was not enough time to show significant changes.

Despite these limitations, the results firstly show that wound healing has sped up 
in patients with chronic wounds, especially chronic venous ulcers. Side effects were 
not recorded in the context of this study.

With the help of these results it could be shown that the plasma treatment using 
the MicroPlaSter alpha and beta can be classified as safe, with over 8 years of clini-
cal experience, and on the other hand that it is effective in the treatment of bacteria 
in wounds—regardless of type and resistance pattern. Furthermore it seems like 
plasma has a positive influence on wound healing.
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Fig. 13.23 The different aetiologies of the wounds included in Group A
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13.10.4  Case Studies

The use of low temperature plasma is not just limited to patients with ulcers. Case 
studies can demonstrate that also other pathogen associated diseases can be treated 
successfully with plasma.

13.10.5  Hailey-Hailey Disease

The first case report [28] showed success of an additional plasma treatment on a 
patient with therapy resistant Hailey-Hailey disease (specifically Pemphigus chron-
icus benignus familiaris). With Haily-Haily disease an autosomal dominant genetic 
defect in the ATP2C1-gene causes acantholysis and the formation of blisters in 
areas which are mechanically stressed and prone to maceration. The patient with 
therapy resistant lesions of the right axilla and the right armpit and right groin 
received a daily 5  min plasma treatment (MicroPlaSter beta), in addition to the 
already initiated topical fusidic acid and betamethasone therapy. The groin was 
treated according to a randomised approach only with the localised treatment men-
tioned above. Both lesions were secondarily impetiginized with Proteus mirabilis 
and Candida albicans.

Within just four plasma treatments there was a clear improvement of the condition 
of the skin in the right armpit and also the reduction of the stabbing pain in this area, 
whereas the untreated, right groin, did not experience change. Furthermore both 
areas received four more plasma treatments, which caused a clear improvement in 
the groin, before the patient left for a vacation. There the skin condition clearly dete-
riorated in both areas while receiving topical external treatment which was sterile 
and contained steroids. Only after their return, there was an almost complete healing 
of the erosively moist lesions in the right armpit and right groin after 11 further 
plasma treatments, so that the patient then became symptom free (Fig. 13.24). The 
workings of the plasma could in this patient be explained on the one hand by the 
secondary impetiginization, and on the other hand possibly by the effect of the reac-
tive species created by the plasma, which could have positively influenced the patho-
physiologically disturbed redox-behaviour in Hailey-Hailey patients.

a b

Fig. 13.24 (a) Untreated right groin after the condition worsened during holiday (the blue and 
 whitish film is created by the topical prior treatment) (b) After 11 further plasma treatments resulted 
in a clear improvement of the skin condition with some remaining mild remaining erythema [28]
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13.10.6  Infection of External Ear Canal

A further publication outlined that plasmas can also be successfully used in other 
scenarios [29]. One patient suffered for 3 years from bacterial infections of the ear 
canal, as well as the nasopharynx following an operation due to a cholesteatoma in 
the left tympanic cavity, which subsequently caused him distinct pain. The antibi-
otic treatment of this very painful infection was made difficult by the presence of 
ESBL+ Escherichia coli, which only showed a sensitivity for Cotromoxazole. 
Before the plasma treatment the regular antibiotic treatment (over the past 6 months 
a continual systematic dose was given) with Cotrimoxazole, including a topical 
antiseptic treatment (consisting of Octenidin and 0.3% Hydroperoxide rinses), did 
not lead to any decontamination of germs.

Low temperature Argon plasma was applied daily for 5 min (MicroPlaSter beta, 
distance to the opening of the external ear canal 2 cm, see Fig. 13.25).

The therapy followed in 3 cycles at 8, 16 and 19 applications, which combine to 
a total of 43 treatments in 105 days. The treatment of the nasopharynx was not done 
because there is not enough study into the possible interactions of plasma with the 
respiratory tract in case inhalation takes place.

Directly connected to the exposure to plasma a highly significant pain reduction 
of 1.1 steps according to the visual analogue scale of 1–10 that measures pain inten-
sity, as well as a highly significant improvement of pain during the longer term 
treatment (Fig. 13.26). Throughout the study period the patient did not have to sys-
tematically take pain medication. Also the systematic dosage of Cotrimoxazole 
could be stopped.

Fig. 13.25 Plasma treatment of the infected ear 
canal
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During and until 3 weeks after the last treatment with plasma there was no recur-
ring infection in the treatment area, but after 3  weeks, ESBL+ Escherichia coli 
bacteria were detected in the untreated nasopharynx.

As noted during previous studies, no side effects were found and the plasma 
treatment was completely painless.

Despite the limitation, that the plasma machine was not conceptualised for treat-
ing the ear canal, and that the penetration of the plasma would have been clearly 
limited by diffusion, the patient could be treated successfully.

13.10.7  Herpes Zoster

In order to reduce the effect of subjective experiences, in the last large patient group 
of this research project, treatments were randomised by patient and not by localisa-
tion. The effect of low temperature argon plasma was investigated on the zoster rash 
and the acute pain [30]. In this randomised, placebo controlled prospective clinical 
study, patients received a daily 5 min plasma treatment per treatment area. The con-
trol group was treated with argon gas as a placebo for 5 min. Each patient received 
the standard therapy recorded in the study protocol (antiviral, analgetic and antisep-
tic treatment). In total at most four rashes were treated, because otherwise the treat-
ment time would have totalled more than 20 min. The increase of the treatment time 
from 2 to 5 min was explained because Herpes Zoster is an intracellular viral dis-
ease. In order to achieve the desired effect, it was assumed that a longer treatment 
time with plasma would be necessary.

It should be noted that treatment of zoster rashes near the eyes was avoided, 
because there has been no detailed investigation into possible interactions of plasma 
with the eye.

In total 41 patients were included in the study (see Table 13.2). There were four 
drop-outs. Two patients were topically treated with Vioform lotion instead of the 
Polyhexanide mentioned in the study protocol and therefore the digital clinical fig-
ures could not be evaluated. In two further patients the PCR examination revealed 
that they did not suffer from an infection caused by the Varicella Zoster virus, but a 
Herpes simplex virus.
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The minimum treatment duration was 3 day, up to a maximum of 8 or 9 days, 
depending on treatment group.

It could be shown that one additional plasma treatment (19 patients, average age 
64.3 years, 42.1% female, see Table 13.3), the acute zoster pain was reduced signifi-
cantly more often (p < 0.01) and also significantly more strongly (median of 0.6 vs. 
0.3, p < 0.05), when compared with patients of the control group (18 patients, aver-
age age 61.8  years, 38.9% female). Furthermore no patient in the plasma group 
showed a deterioration in pain after the treatment, vs. 12.3% in the argon group who 
complained of worsened pain. The initial pain (median) was higher in the plasma 
group, the pain at discharge (median) was higher in the control group.

The proportion of patients which were initially treated with Paracetamol or 
Tramadol, was higher in the plasma group (Table 13.3). However, in the control 
group the pain medication had to be increased more often, whereas they were 
reduced more often in the plasma group (Table 13.3).

This study only allowed for limited observations with regard to the possible 
influence of plasma on long term pain (so-called postherpes zoster). In order to 
remedy that a longer observation time would be checked. The voluntary follow-up 
examinations 2, respectively 4 weeks after the last treatment were at the 4 week 
period only performed on 47.3% of the patients in the plasma group and 55.6% of 
cases in the control group. Still, in the plasma group only 22.2% and in the control 
group however 40% of patients of pain. Three independent zoster specialists (two 
dermatologies and one internist) judged the evolution of the zoster lesions in the 
first days paying special attention to the development of blisters and erythema, and 
decided that the plasma treated areas were significantly better than the control areas 
(see Fig. 13.27). Also, the overall aspect looks better, but without a significant trend 
(Fig. 13.28).

Table 13.3 Characteristics of the pain treatment in the patient group

Treatment (plasma 5 min) Control (argon gas 5 min)
Aciclovir 5 mg/kg i.v., initial dose 8/19 (42.1%) 7/18 (38.9%)
Aciclovir 7.5 mg/kg i.v., initial 
dose

9/19 (47.4%) 9/18 (50%)

Aciclovir 10 mg/kg i.v., initial dose 2/19 (10.5%) 2/18 (11.1%)
Aciclovir increased during study 2/19 (10.5%) 0
Initial paracetamol use 13/19 (68.4%) 10/18 (55.6%)
Paracetamol increase during study 1/19 (5.3%) 3/18 (16.7%)
Paracetamol reduction during study 3/19 (15.8%) 1/18 (5.6%)
Initial tramadol use 5/19 (26.3%) 2/18 (11.1%)
Tramadol increase during study 3/19 (15.8%) 2/18 (11.1%)
Tramadol reduction during study 1/19 (5.3%) 0
Initial Pregabalin use 17/19 (89.5%) 14/18 (77.8%)
Pregabalin increase during study 0 1/18 (5.6%)
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The clinical overall aspect of the Zoster rashes were evaluated by three indepen-
dent Herpes Zoster specialists in a double blind procedure. The plasma treated 
rashes were judged as better than the control areas. Significant changes were not 
noted between the two treatment groups.

Again no side effects were recorded and the treatment was absolutely painfree.
In summary, this study of Herpes Zoster patients shows that plasma can signifi-

cantly reduce acute pain in Zoster lesions and at the same time significantly improve 
the healing process.
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Fig. 13.27 Comparison of 
plasma vs placebo treatment. 
Left: The healing process of the 
zoster blisters were evaluated by 
three independent Herpes Zoster 
specialists according to a double 
blind procedure. The Plasma 
treated rashes were judged as 
better than the control areas. 
Significant changes were noted on 
the first and second day of 
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judged as better in the plasma 
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noted on the first day of 
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13.11  Post Market Case Studies

13.11.1  Adtec SteriPlas Use on Chronic Burn Wound

Non-thermal atmospheric gas plasma has already been shown to decrease the bacte-
rial load in chronic wound dermatological applications. In this study, standard care 
is compared with standard care plus cold atmospheric argon plasma treatment for 
the treatment of a non-healing burn wound with exposed tibial bone on the left shin 
with the aim of increasing the rate of healing of the wound and reducing bacterial 
colonisation.

13.11.2  Study Outline

The patient had two sites on this left shin wound (separated by a bridge of granula-
tion tissue,) which were selected for the study. The smaller proximal wound 
(4.37 cm2) was used as the control, while the larger wound (15.32 cm2) wound was 
selected to receive cold plasma treatment.

Both wound sites received the same standard care which included silver dress-
ings. The distal wound received cold atmospheric argon plasma treatment for 2 min 
every 3–4 days for 16 days and wound swabs were taken from both sites before 
every treatment. The timing of the treatments was to occur at the same day of the 
routine dressing changes. Three dimensional pictures of the wounds were taken 
before each treatment session with a stereo 3-D camera (Eykona, Fuel 3D, UK) 
(Fig. 13.29).
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13.12  Results

The distal wound received a total of 5 treatments. Both the control and treatment 
wounds showed a significant decrease in surface area at day 16 (2.77 cm2 for con-
trol, 8.07 cm2 for treated wound, p < 0.01). However, the cold atmospheric argon 
plasma treated wound showed a greater reduction in absolute wound size (−7.24 cm2 
vs. −1.59 cm2, p < 0.01) and percentage of original wound (−47.3% vs. −36.5%, 
p = 0.005) [31]. Full Study Details can be obtained (Fig. 13.30).

13.12.1  Adtec SteriPlas Treatment of Hard to Heal Wounds

Non-thermal atmospheric gas plasma has already been shown to decrease the bacte-
rial load in chronic wound dermatological applications. In this study, a 68-year old 
patient at Regensburg Hospital with very chronic ulcers on the lower right leg since 
2011 was selected for plasma treatment. The patient had known microangiopathy 

Control 

Treated
Wound

Fig. 13.29 Comparison of 
wound day 1 (left) and day 
15 (right)

Fig. 13.30 Comparison of surface area and absolute wound size for day 1 and 16
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and chronic thrombosis of the right vena femoralis superficialis (postthrombotic 
syndrome). He also has polycythemia vera and had been treated with hydroxyurea, 
but the ulcers had not healed.

13.12.2  Study Outline

Plasma-treatment started on the 15th of July 2015, twice weekly until January 2016.

13.13  Results

During plasma treatment, the ulcers continuously improved and are now almost 
healed (he received a total of 51 plasma treatments between 15.07.2015 until 
07.01.2016.) Professor Sigrid Karrer of Regensburg Hospital reported that ‘the patent 
had a very long history of non-healing, very painful ulcers with a history of wound 
infections requiring antibiotics. Thus, we are very satisfied by this result’ (Fig. 13.31).

Fig. 13.31 Comparison of plasma treatment results over 6 months
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13.14  Adtec SteriPlas Treatment of Surgical Site Infections

Non-thermal atmospheric gas plasma has already been shown to decrease the bacte-
rial load in chronic wound dermatological applications. Recent results on treatment 
of surgical site infections show promising results [24].

Patient 1—a male patient, 66 years, developed nearly 1 year after implantation of 
a LVAD an infection of the pump pocket with Enterobacter cloacae complex and 
was then selected for plasma treatment.

Patient 2—male 71 years with Coronary artery disease following CABG- operation 
BMI >40, Diabetes. The patient developed secondary a seroma after sternal refix-
ation. The swabs taken from the seroma showed Staph epidermidis.

13.15  Study Outline

Patient 1—Plasma treatment started in January 2016 and the patient was treated 
with 3 min plasma three times a week for 3 weeks. First wound closure: In combina-
tion with NPWT, Secondary with ActiMaris.

Patient 2—Plasma treatment started in January 2016 and the patient was treated 
for 5 min three times a week. Treatment time 2 weeks in combination with NPWT 
in the small access area.

13.16  Results

Patient 1—Swabs were negative on plasma treatment and the wound showed good 
healing with complete closure of the wound after 3 weeks treatment (Figs. 13.32, 
13.33 and 13.34).

Fig. 13.32 Driveline 
entry
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13.17  Adtec SteriPlas Treatment of Infected Drivelines

Gas plasma has already been shown to decrease the bacterial load in chronic wound 
dermatological applications. Recent results [21] on treatment of infected LVAD 
drivelines show promising results. Gas Plasma can migrate too hard to reach areas 
to treat infections.

Fig. 13.33 Closed wound. 
Patient 2—Patient showed 
good healing after 
treatment. Swabs were 
negative and wound 
closure was performed 
only with three sutures 
without opening the 
complete wound

Fig. 13.34 Comparison of 
wound before and after 
closure. These tests were 
carried out by Dr. Heinrich 
Rotering at the 
Universitätsklinik Münster, 
Germany and further 
research is planned on the 
use of plasma on surgical 
site infections

T. Urayama and M. McGovern



247

13.18  Study Outline

Six patients were treated with Adtec SteriPlas as part of their post-surgery standard 
treatment.

13.19  Results (Fig. 13.35)

Cold atmospheric plasma

UKM

CAP-Treatment of infected LVAD-systems

Patient Sex Age Localisation Species Treatment
time

Result

H.P.G. M 66 Pump pocket Enterobacter cloacae
complex

3 weeks Complete
healing

R.K. M 28 Drivellne Pseodomonas
oeroginosa (4MRGN)

9 weeks On going
treatment

F.P. M 42 Drivellne Staph, aureus,
Klebsiella penumonla

7 weeks Healing nearly
completed

U.R M 61 Drivellne Chronic fistula,
Negativ swabs

2 weeks Complete
healing

U.T F 49 Drivellne Enterobacter cloacae
complex, Staph,
aureus

2 weeks Complete
healing

H.W. M 64 Drivellne Enterobacter cloacae
complex

New treatment options for infected chronic implants with cold atmosheric plasma
H.Robering WUWHS Florence 2016

8 weeks Wound size
reduction

Fig. 13.35 Summary of patients and results. These tests were carried out by Dr. Heinrich Rotering 
at the Universitätsklinik Münster, Germany and further research is planned on the use of plasma on 
surgical site infections
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13.20  Plasma Treatment of Actinic Keratosis

Adtec Healthcare in collaboration with University Hospital Essen treated a small 
group of Actinic Keratosis patients with Adtec SteriPlas gas plasma.

In the case series, all treated lesions responded to plasma treatment with 
some showing complete clinical clearance after seven treatments. No side 
effects including inflammation or pain were recorded. Therefore, plasma might 
represent a novel, safe treatment method for AK that is worth being further 
investigated in prospective trials concerning application schemes and its exact 
biological effects.

The case series provided encouraging results leading to collaboration to do a 
clinical trial investigating the potential benefits and efficacy of plasma on Actinic 
Keratosis (start in August 2017).The case study results are published in the Journal 
of the European Academy of Dermatology and Venereology [32].

13.21  Efficacy of Plasma Treatment on Biofilm

Biofilms in wounds are considered to be one of the major challenges in infection 
management.

‘Bacteria protected within biofilms are up to 1000 times more resistant to antibi-
otics…which severely complicates treatment options’ [33].

Currently, either the physical method of debridement is used which is often 
time consuming, stressful for the patient and does not remove all of the microor-
ganisms; wound dressings, which are changed on average twice a week ‘…but 
may take a considerable amount of time to achieve a granulating wound bed,’ 
[34] or low doses of short term antibiotics that are given with little effect, 
‘Therefore there is great potential in this market for an alternative method of 
biofilm management that ‘suppresses the biofilm without destroying the host 
cells’ [35]. We believe Adtec SteriPlas technology has the potential to not only 
enable the healing of chronic wounds that are stalled by sub-clinical wound 
infection (biofilm) but accelerate healing time following intervention with our 
non-thermal gas plasma .

Earlier in vitro studies carried out by an independent microbiology testing labo-
ratory (Perfectus Biomed) concluded that, ‘Gas Plasma treatment may be an effec-
tive method of disrupting Staphylococcus aureus biofilms and has the potential to 
remove the challenge of persistent infection within a chronic wound thus allowing 
the wound to heal appropriately’ [18, 19]. No organisms were detected after a 5 min 
treatment with Adtec SteriPlas (Fig. 13.36).

We are conducting a randomised controlled clinical trial in collaboration with 
Salford Royal NHS Foundation Trust UK (started February 2017). The primary 
objective of this project is to evaluate the efficacy of Adtec SteriPlas on sub-clinical 
wound infection (biofilm) in patients with diabetic foot ulcers (DFU) compared to 
those treated with standard care dressings. The secondary objective is to correlate 
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the clinical presentation of long standing DFUs with wound microbiology, bio-
chemistry and histology.
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14Plasma Application for Hygienic 
Purposes in Medicine, Industry, 
and Biotechnology: Update 2017

Axel Kramer, Frieder Schauer, Roald Papke, 
and Sander Bekeschus

14.1  Introduction

This publication is an update of several fields of hygiene covered in a review and 
book chapter [1, 2]. It comprises the most prominent advances made in the past 
2 years. To avoid redundancy, the literature cited in sources 1 and 2 have not been 
cited in the present paper.

14.2  Reasons for Application in Medicine, Industry 
and Biotechnology

The use of cold atmospheric plasma (CAP) is successful or promising for 
hygienic indications when antimicrobial, antiviral, and/or antibiofilm activ-
ity is required. This is especially relevant for materials that are thermolabile 
or sensitive against chemical microbicidal active agents and/or when micro-
bicidal chemical agents cannot or only insufficiently reach the site of action.
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Because of the highly active antimicrobial components of CAP, the spectrum of 
its activity includes all vegetative bacteria species, including multidrug resistant 
organisms as well as viruses. An intrinsic resistance against CAP is not possible, 
given its mode of action. This has been confirmed by results with all organisms 
tested to date [3–13]. Bacterial inactivation via discharge plasma is highest with air 
plasma, followed by N2 plasma, while O2 plasma was the least effective [14]. 
Bacterial spores [15–21] and fungi [22–26] were also killed.

CAP partially or completely eliminates mono- or multispecies biofilms, depend-
ing on exposure time and source of plasma; quorum-sensing related virulence fac-
tors are also affected by the treatment [9, 27–36]. Although the adherence and 
viability of Candida albicans in biofilm was reduced, after short treatment times, 
CAP left some C. albicans in superficial infections of the skin or mucosa, for exam-
ple [37]. The inactivation of biofilms in cereal-based media and beef extract is rel-
evant for use in the food industry [38]. Vitamin C destabilizes bacterial biofilms and 
renders them more susceptible to CAP killing, which could also be relevant for 
pre-treatment of biofilms on living tissues [39].

Viruses [40, 41] and prions [42], pathogens known for their extraordinary resis-
tances, are inactivated by CAP. Depending on the plasma source and exposure time, 
virucidal disinfection or sterilization is attainable. This was demonstrated for noro-
viruses, hepatitis A, B and C virus, Newcastle disease virus, avian influenza virus, 
adenoviruses, herpes simplex, influenza and paramyxo virus as well as bacterio-
phages [43–48]. Without destroying antigenic determinants, viruses can be inacti-
vated to produce an inactivated vaccine [49].

The charged species of CAP interact chemically with biological material. 
Depending on the plasma force, this may be complemented by physical means, such 
as shear stress, ion bombardment damage, thermal effects, radiation, and/or electrical 
fields [46, 50, 51]. Many species produced by CAP act antimicrobially. This includes 
singlet oxygen (1O2), superoxide (O2

−), ozone (O3), hydroxyl radicals (OH•), nitro-
gen radicals (N•), nitric oxide (•NO), nitrogen dioxide (NO2

•), peroxynitrite 
(ONOO−), hydrogen peroxide (H2O2), organic radicals, electrons, energetic ions, and 
charged particles (RO•, RO2•) [52–60]. Under specific operating conditions, plasma-
derived UV photons can be a dominant microbicidal component [61, 62]. The targets 
in viruses are capsid proteins and nucleic acids as well as lipids in enveloped viruses 
[46]. Electrical fields and charged particles could play a significant role in inactiva-
tion [51], especially for He-O2 cold atmospheric pressure plasmas [63].

In contrast to microbiostatic agents, no resistance development is to be expected 
for CAP. This may be due to the high flux of reactive species derived by CAP, a 
principle that has been employed for millions of years by phagocytes to kill micro-
organisms [64]. Defects in the reactive species-derived killing in chronic granulo-
matous disease exemplify the importance of this mechanism [65]. Combined with 
the action of UV radiation and electrical fields, CAP releases a large number of 
different reactive species that may complement each other’s microbicidal activity. 
Additional advantages of CAP over traditional antimicrobial agents are the absence 
of toxic residues, reduced water consumption, low energy requirements, low costs, 
and a relative inertness on materials sensitive to the chemical reactivity of some 
agents. Moreover, some materials cannot withstand the chemical reactivity.
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By supporting somatic cell growth but not bacterial proliferation, surface 
treatment of implants with CAP promotes implant integration in the 
body.

Analogous to the antiseptic agent polihexanide [66], CAP improves the bioactiv-
ity of surfaces and thus increases the tissue compatibility of implant materials or 
inhibits the attachment of pathogens. This results in various application possibilities 
for improving the function of alloplastic implant surfaces, as well as other surfaces 
upon which the attachment of somatic cells is to be supported and that of microor-
ganisms inhibited.

CAP can also induce metabolic modification in microorganisms, which may be 
useful to improve biodegradation or to increase the production of specific metabo-
lites. This enables the use of CAP in food production, wastewater treatment, and a 
possible alteration of microorganisms to change their resistances, for example, by 
intracellular destruction of R-plasmids.

This property is used for air purification combined with inactivation of 
microorganisms.

14.3  Antimicrobial Applications in Medicine

14.3.1  Requirements on Antimicrobial and Antiviral Efficacy

Since the following requirements for antimicrobial efficacy must be fulfilled for a 
method or substance to qualify as a chemical disinfectant or antiseptic, they are also 
mandatory if CAP is used in this field.

14.3.1.1  Sterilization

By extrapolating the reduction rates following extreme artificial initial contami-
nation, a theoretical overall CAP performance of at least 12 log10 increments (over-
kill conditions) is demanded to assure an SAL of 10−6. Practical proof of the required 

CAP changes the metabolic profiles of microorganisms.

CAP eliminates odors or noxae by oxidation.

A sterility assurance level (SAL) of 10−6 is generally accepted for 
sterilization.
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sterility assurance level of 10−6 is not possible due to infeasible sample sizes. 
Moreover, the attainability of this SAL is fundamentally questionable, at least in 
non-thermal procedures. Thus, the question to discuss is whether undifferentiated 
adherence to the concept of sterility assurance on the basis of a single SAL of 10−6 
is justifiable in terms of patient- or user-safety requirements, costs and energy effi-
ciency. Therefore, in terms of practical considerations, a concept of tiered SALs is 
recommended, analogous to the comparable and well-established categorization 
into “High-level disinfection”, “Intermediate-level disinfection” and “Low-level 
disinfection”. In the case of aseptic preparation, filling and production procedures, 
a mean contamination probability of 10−3 is assumed. In automated processes, lower 
contamination rates can be realized. In the case of the production of re-usable medi-
cal devices, a reduction of at least 2 log10 increments can be achieved through prior 
cleaning in validated cleaning and disinfecting devices. With chemical disinfection, 
a further reduction of ≥5 log10 increments is achieved. Finally, the amount of patho-
gens necessary to cause an infection must be considered. Logically considerating all 
aspects, it seems possible to partially reduce sterility assurance levels without any 
loss of safety.

Hence, we suggest the following tiered SAL values, tailored to the respective 
sterilization task [67]:

 – SAL 10−6 for heat-resistant pharmaceutical preparations (parenterals), suggested 
term: “Pharmaceutical sterilization”,

 – SAL 10−4 for heat-resistant medical devices, suggested term: “High-level 
sterilization”,

 – SAL 10−3 for heat-sensitive re-usable medical devices, under the precondition of 
a validated cleaning efficacy of >4 lg increments, suggested term: “Low-level 
sterilization”.

14.3.1.2  Disinfection

Bactericidal efficacy for surface disinfection must be 5 log10, but for Pseudomonas 
aeruginosa and fungi with 4 h of exposure 4 log10. For instrument disinfection against 
bacteria, 5 log10 is also required, and against mycobacteria and Aspergillus brasilien-
sis 4 log10 is necessary [70].

The spectrum of activity of hand disinfection must encompass vegetative bacte-
ria, yeasts and enveloped viruses (these agents possess “limited virucidal activity”) 
[70]. The category “limited virucidal activity Plus” encompasses the activity of 
hand disinfection against noro-, rota- and adenoviruses, and “virucidal activity” 
also includes polio- and polyomaviruses [69, 71–73]. The range of activity for skin 

The quantitative suspension test requires a reduction of 5 log10 for bacte-
ricidal efficacy, and 4 log10 for fungicidal, tuberculocidal and virucidal 
activity [68, 69].
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antiseptics encompasses vegetative bacteria and yeasts. For surface disinfection, the 
range of activity must encompass vegetative bacteria and yeasts. Depending on cer-
tain conditions, other pathogens such as Mycobacterium tuberculosis, dermato-
phytes and molds, spores of Clostridium difficile, noro-, rota-, adeno- or papilloma 
viruses need to be inactivated. Instrument disinfectants are required to be bacteri-
cidal, levurocidal, possess limited virucidal activity, and be effective against myco-
bacteria. If no sterilization step follows, they also need to be fungicidal (test 
organism Aspergillus brasiliensis) and virucidal.

Practical test methods for hygienic and surgical hand disinfection or skin anti-
sepsis are required to at least reach the efficacy of the reference method (60%v/v 
propan-2-ol, 60%v/v propan-1-ol or 70%v/v propan-2-ol).

14.3.1.3  Antisepsis

14.3.2  Current Applications

Currently, CAP is only used for sterilization processes. Several methods of produc-
ing plasma for sterilization have been developed, including direct current discharge, 
radio-frequency discharge, dielectric barrier discharge (DBD) and pulsed corona 
discharge [76].

14.3.2.1  Plasma-Supported Hydrogen Peroxide Gas Sterilization

As an innovation for the sterilization of polymeric and heat-sensitive medical 
devices (MDs), the first sterilization device (Sterrad) was commercialized in 1993 
and thereafter successfully introduced in health care services as well as industrial 
sterilization. The process involves the application of hydrogen peroxide (HPO) gas at 
a chamber wall temperature of 45°C and a corresponding chamber pressure of 
6–10  Torr. After exposing the material to the gas, plasma generated by a high- 
frequency electromagnetic field is used to remove any HPO gas residue [77]. In addi-
tion to bacterial inactivation, HPO gas also shows virucidal activity and partially 
inactivates prions if combined with alkaline cleaning agents. The low relative humid-
ity (5%) required during the sterilization process facilitates the use of this technology 
for reprocessing moisture-sensitive MDs. For specimens with smooth surfaces, 
a sure sterilization procedure was verified for Bacillus pumilus, B. athrophaeus, 

Given a typical organic load of a wound, the efficacy of wound antiseptics 
must be a reduction of the tested organisms ≥  3 log10  in the declared 
exposure time in both the suspension test and on germ carriers [74, 75].

The use of CAP results in a SAL ≤ 10−6 within validated limits (as docu-
mented in the manual) of specified lumen diameters.
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Geobacillus stearothermophilus, Mycobacterium terrae, and Aspergillus brasilien-
sis, the most resilient test organisms according to DIN EN ISO 14937 [78]. The 
packaging, Tyvek foil tube, cellophane or vial used in Cycle-shure bioindicators do 
not seem to be obstacles to sterilization. The necessary prerequisites for a successful 
sterilization procedure are clean, dry materials in hydrophobic packaging. 
Furthermore, the surface needs to be readily accessible, because complex and porous 
surfaces do not allow uniform penetration of the active components. Contamination 
with blood or salt strongly reduces the efficacy, and additional cleaning is needed 
prior to performing the procedure. Finally, the efficacy is greatly limited by the pres-
ence of metals in or on the MDs. Liquids or powders, cloth, fibrous cellulosic mate-
rial such as swabs, long hollow bodies with blind ends, and sterilization material in 
metal containers cannot be sterilized in this way. The plasma- supported sterilization 
process follows these steps [77]: Vacuum phase to dry the goods, second vacuum 
phase to decrease the temperature to below the vaporization temperature of the steril-
izing agent, single vaporization of the HPO-gas/water from a vial into the chamber 
(HPO 59%), diffusion phase with distribution of the HPO steam into the chamber, 
onto the surfaces and into the cavities of the to-be-sterilized material, third evacua-
tion and creation of a high-frequency magnetic field between the chamber walls, the 
anode. The steps beginning with the second vacuum phase then repeat for a second 
cycle. New technologies allow an accumulation of the sterilizing agent in the most 
recent devices in order to improve penetration and efficiency.

Devices employed in industry for sterilization use comparable conditions. Now 
such devices use methods analogous to low-temperature steam-formaldehyde ster-
ilization, where not only the concentration gradients but also mechanical pressure 
pulses enable the agent to enter cavities.

The performance qualification for the application situation is undertaken with a 
Process Challenge Device (PCD) with the Validation Kit in a half cycle. The PCD is 
configured to provide a greater challenge to the sterilization process than the validated 
lumen sizes [77]. For endoscopes of all types, sterilization (SAL of 10−6) was achieved 
in all test situations for all the Sterrad models tested, but the efficacy of Sterrad 200 
and 100S sterilizers is greater than that of Sterrad 50 and 100 sterilizers [79].

14.3.2.2  Peracetic Acid Plasma-Based Sterilization
Peracetic acid is the central component in this sterilization process, while the plasma 
just seems to decompose any chemical remnants of the gas that would otherwise 
remain on the sterilized item. The peracetic acid plasma-based sterilizer (Plazlyte) 
was found to be only partially satisfactory [1].

14.3.2.3  Further Development in Plasma Sterilization
N2 or Ar-N2 plasma. Recent efforts to increase the plasma activity by using the 
afterglow of N2 or Ar-N2 plasma resulted in the required 6 log10 reduction of initial 
inoculum only after extremely long exposure times. Although the efficacy of the 
HPO gas alone could not be further enhanced, recent studies point to synergistic 
effects of plasma ions with nitrogen [1, 2]. This underlines the innovation potential 
of plasma in sterilization technology.
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Large-volume microwave-excited surface-wave and volume-wave plasma. 
Successful inactivation of Tyvek-wrapped spore-forming bacteria at temperatures 
below 70°C and within 70–80 min was experimentally confirmed [80].

Steam plasma flow autoclave. When air was mixed with the steam flow at a rate of 
1 or 4 L/min, sterilization was achieved within 30 min, because total OH radical gen-
eration increased with time. CAP was generated by a wire electrode toward the ground 
electrode, and the concentration of H2O2 increased after streamer propagation [81].

14.3.3  Prospective Applications

14.3.3.1  Disinfection of Medical Devices and Surfaces
Traditional manual cleaning and disinfection practices in hospitals are often subop-
timal. CAP technologies show potential for use in hospitals and can-together with 
different UV light systems-lead to newer “no-touch” (automated) decontamination 
technologies [82–84]. The degree of bacterial damage due to the inactivation pro-
cesses is highly dependent on both treatment parameters and treated bacteria [85, 
86]. On surfaces tested under real-life conditions, CAP-mediated disinfection can 
be reached within 30s–90s [1, 2, 87–89]. On cell phones, Staphylococcus aureus 
was eliminated within 10 min [90]. The potential of CAP for the decontamination 
of equipment used in outer space seems to be quite a promising alternative to the 
standard “dry heat” and H2O2 methods [91]. Ingress of CAP into cavities allows the 
disinfection of poorly accessible areas, such as the lumina of endoscopes [1, 2]. 
However, detailed technical solutions for CAP disinfection of MD and surfaces are 
still being developed. Of special interest is the development of mobile CAP devices. 
These could treat non-sterile goods, instruments, or other MDs right at the point of 
care, for example during surgery, to enable their reuse quickly. It might also be pos-
sible to use CAP with a specially configured plasma source to disinfect soft contact 
lenses, instead of the common, often insufficient treatment in disinfection solution 
overnight [1, 2]. Plasma jets show promise in decontaminating the surface of 
implants before wound closure, eliminating bacteria that adhered during surgery 
and improving the surface conditions [1, 92].

An alternative to direct plasma treatment is the large-scale generation of plasma- 
treated liquids. This approach is simple, inexpensive, and provides surface disinfec-
tion and sterilization [93].

14.3.3.2  Disinfection of Hands
Alcohol-based hand disinfectants enable disinfecting the surface of both hands 
within 15 s and within 60 s for gels [94–97]. The absorption of the residual alcohol 
on the surface is considered harmless [71, 98]. Disinfectant dispensers must be 
available at every workplace [71, 100]. To date, no data exists which shows that 
CAP can match this efficacy [101] and tolerability, which are indispensible, since 
up to 162 daily hand disinfections are performed [99]. At present, the costs are also 
not comparable. A hospital with 1000 beds requires about thrice the amount of dis-
infectant dispensers as number of beds. Thus, the application of CAP would only be 
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feasible if either its price was less than that of acquiring and maintaining this num-
ber of dispensers, or its performance and/or side effects on skin outperformed cur-
rent antiseptics.

14.3.3.3  Antisepsis
Preoperative skin antisepsis. This is one of the key components in the prevention 
of Surgical Site Infections (SSI), since antisepsis on the skin is intended to inhibit 
transfer of resident skin bacteria into the surgical wound [99, 102]. The bacterial 
flora mostly resides in the stratum corneum and distal areas of hair follicles and 
sebaceous glands. About a fifth of the flora is found at depths >0.3  mm [103]. 
Alcohols used in skin antiseptics do not completely deeply penetrate skin [104], but 
CAP efficiently spreads it into narrow channels [1, 2]. Especially surgery with high 
SSI risk due to the resident bacterial flora, such as shoulder and hip surgery, justify 
the use of CAP after initial antiseptic by alcohol-based products.

Therapeutic skin antisepsis. The combined treatment of silver nanoparticles 
with cold atmospheric-pressure air plasma was effective in healing and suppressing 
disease symptoms caused by clinical isolates of dermatophytes, such as species of 
Epidermophyton, Trichophyton and Microsporum [105]. Trichophyton rubrum 
growth was significantly inhibited by 62–91%, and CAP strongly suppressed fungal 
ergosterol biosynthesis by 27–54% [106]. Additionally, CAP strongly suppressed 
the growth of Candida albicans by 31–82%, its ergosterol biosynthesis by 40–91%, 
and its biofilm formation by 43–57%. Thus, CAP seems useful to treat Candida- 
related superficial and cutaneous infections in practice [107]. CAP treatment is also 
effective in onychomycosis and fungal nail infection [108].

Oral cavity. Since bacteria on teeth can penetrate up to 500–1000 μm into den-
tin, chemical disinfection is not very effective. After application of a micro jet to 
disinfect the root canal, a complete elimination of 106 Enterococcus faecalis was 
achieved [109]. Up to a depth of 1 mm, complete destruction of endodontic biofilm 
in the root canal was documented [1, 2, 110]. CAP seems to be useful for treating 
Streptococcus mitis infected dentin and root surfaces [111, 112], as well as patho-
genic oral biofilms of Staphylococcus and Candida spp. [28]. CAP was also used 
for treatment of Denture Stomatitis (DS). The successful inactivation of Candida 
albicans biofilms and the significant enhancement of its drug susceptibilities 
induced by the CAP present a promising strategy for the treatment of DS caused by 
drug-resistant Candida biofilms [113]. CAP can therefore help (also in combination 
with antiseptics) to reduce denture-associated candidiasis [31]. CAP also possesses 
bactericidal efficacy on Streptococcus mitis biofilms on microrough titanium dental 
implants [114]. CAP immobilizes antimicrobial peptides on dental implants [1, 2].

Decolonization of MRSA. Since only in vitro results are available on the elimi-
nation of MRSA by CAP [115], no predictions can currently be made on the decolo-
nization success in colonized or infected MRSA patients. If the wound is solely 
colonized by MRSA, elimination by CAP can be achieved; otherwise, decontami-
nation can only be successful if all reservoirs of MRSA are fought simultaneously 
(nasal vestibulum, oral cavity, antiseptic full-body wash). If the eyes are colonized, 
they have to be included into the process as well [116]. In contrast to alcohol, CAP 
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does not possess remanent properties. This means that if decolonization is incom-
plete, recolonization will occur quickly.

Wounds. CAP seems to be effective for antisepsis of cutaneous wounds [3].

14.4  Applications in Environmental Technologies, Food 
Production, and Biotechnology

14.4.1  Decontamination of Food and Packaging

Since physical methods such as gamma and beta radiation, ultrasound, UV irra-
diation, high hydrostatic pressure, and pulsed electrical fields, as well as chemical 
methods such as ozonation or ethylene oxide have certain limitations, CAP was 
introduced into the food sector in 2006 [1, 2, 97, 117–120]. Successful application 
has been documented for the decontamination of raw foodstuffs, e.g., fish, meat, 
poultry, vegetables, fruit, seeds, spices, tea, eggs, milk, dried nuts, dry milk, and 
for surface decontamination inside the packaging, including bottles [121–152]. 
Salmonella spp., Escherichia coli, and Listeria monocytogenes were eliminated on 
tomatoes within reasonably short treatment times. On strawberries, however, even 
very long treatment times were insufficient for complete elimination, due to the 
more complex surface of these fruits [150]. Escherichia coli and Salmonella spp. 
were significantly reduced on lettuce and radicchio [137, 153–157]. Combined 
treatment with clove oil, thyme oil and lemongrass oil enhanced the antibacterial 
effect of CAP on eggs and pork loin, respectively [158–160]. Erwinia spp. were 
eliminated on potatoes by CAP application for a few seconds without damaging 
the vegetable. The reduction of 5 log10 levels that is required by the US Food and 
Drug Administration can be attained by CAP in a time between several seconds 
and 30 min, depending on the species of pathogen. Spores in spices were inacti-
vated within 5 min [1, 2]. Dielectric Barrier Discharge (DBD) plasma sterilization 
allows reduction of Pseudomonas aeruginosa by 5.4 log10 in 60 s; after 300 s appli-
cation time, no more bacteria were detectable. Using DBD, alkaline phosphatase 
(ALP), an enzyme naturally present in milk, was inactivated within a few seconds 
[161]. This highly efficient plasma source has various applications in the food 
industry [1, 2].

For decontamination and detoxification of foods at risk of fungal spoilage, 
plasma techniques are being increasingly used. Examples are walnuts, hazelnuts, 
pistachios, maize, palm fruits, mandarin oranges, onion powder, dried fish, or beef 
jerky contaminated with Aspergillus flavus, A. parasiticus, A. brasiliensis, A. niger, 
Penicillium citrinum, P. italicum, or Cladosporium cladosporioides [26, 162–170]. 
CAP reduced mycotoxins without affecting quality [165, 171–175].

CAP is highly effective against germs causing rot or food-related illness. 
Application in the food sector has the great advantage that no chemical 
residue remains and products suffer no reduction in quality.
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Microbial biofilms and bacteria internalized in produce tissue or in vacuum 
package may reduce the effectiveness of decontamination methods. Consequently, 
advanced technologies including CAP techniques for biofilm control are constantly 
emerging [176]. The influence of CAP on different packaged foods or of different 
gas mixtures has thus been increasingly studied [36, 170, 177–182]. Changes in 
properties of edible films for food coating by CAP treatment were considered toxi-
cologically irrelevant, as examined in a rat model [179]. Food-intrinsic factors and 
processing parameters can influence the efficacy of CAP treatment [142, 143, 183].

Treatment of seed soybeans with CAP not only reduced the microbial contami-
nation, but also increased the speed of germination, water absorption, availability of 
seed nutrients, and increased the growth rate of the seedling. Moisture content, 
appearance of the foods, and nutrition levels were not altered [1, 2].

Allergens released during production onto the surface of the foodstuffs can be 
removed and any enzyme activity that influences the sensory and nutritional value 
of the foods can be deactivated [1, 2].

14.4.2  Improving the Properties of Food and Raw Materials

During post-harvest processing of both freshly cut and dried fruits and vegeta-
bles, polyphenoloxidases and peroxidases need to be inactivated or inhibited to 
avoid undesirable browning reactions and thus loss of quality. CAP offers a promis-
ing “gentle” alternative to traditional chemical methods [186]. The content and 
residual activity of polyphenol oxidase was decreased in treated apple slices after 
treatment with gliding arc plasma. In parallel, an increase of total polysaccharide 
content in apple and sugarcane specimens was observed, which were induced by 
cell wall disintegration [187]. In addition, oxidases and peroxidases from potatoes 
and tomatoes were inactivated by CAP [186, 188]. CAP technology is considered a 
suitable non-conventional technique for the preparation of modified starch. The 
alterations are mainly due to depolymerization of amylose and amylopectin side 
chains. After CAP treatment, there is a decrease in molecular weight, viscosity, and 
gelatinization temperatures [189]. Changes in functional and rheological properties 
of corn and rice starch were evaluated [190–192]. CAP manipulates surface proper-
ties, increases the water absorption of parboiled rice, and reduces the cooking time 
by up to 8 min [193]. CAP also modifies the functionality of wheat flour or whey 
protein isolates [194, 195] and improves the adsorption properties of bentonite clay 
[196]. A hydrophobization of wood surfaces was achieved by combining liquid 
flame spray (LFS) and CAP treatment [197].

Corn steep liquor (CSL) is used for instance in the production of penicillin, ani-
mal food, and ethanol. By reverse vortex gliding arc and forward vortex gliding arc 

CAP inhibits or reduces unwanted enzyme reactions. It can also be used 
to influence the content of desired and undesired ingredients [184, 185].
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with droplet atomizer, a notable reduction of bacteria and SO2 (60 resp. 20%) is 
achievable [198]. CAP increases not only the production yield of plants [199–201], 
but also improves their antioxidative properties [191]. The growth enhancement 
effect was not passed onto the next generation, and there was no change in gene 
expression in the second generation, allowing the conclusion that the growth 
enhancement of plants is brought about epigenetically [202]. Treatment of running 
water with CAP on Arabidopsis thaliana showed that the plants could tolerate lon-
ger periods of dehydration and required less water, in addition to exhibiting certain 
molecular changes [203, 204]. By applying CAP, the biomass and content of triter-
pene ergosterol and Β-l-3-D-glucan of mycelial cultures of Ganoderma lucidum 
were increased. The changes observed seemed to depend on total energy input by 
the plasma sources and the kind of mycelial treatment (solid piece or suspension; 
direct treatment or application of plasma-treated medium). Thus, CAP might be a 
useful tool for optimizing biotechnological processes in medicinal mushrooms 
[205]. The endproducts are oxygen, water, and CO2.

14.4.3  Control of Molds

Since CAP proved to be effective against both the cause of blue stain, 
Aureobasidium pullulans and molds, the application onto wood or interior spaces in 
order to fight fungus might be an effective alternative to the use of biocides [206]. If 
chemical decontamination for fungal infestation is problematic due to remnants, the 
use of properly configured plasma sources is promising, since it also allows treating 
poorly accessible cavities, especially discharges where the afterglow is used enable 
directed gas flow into the cavities.

In agriculture, the surface microflora of seedlings can be altered by CAP in a 
manner that hinders saprophytic molds, which are phytopathogens and destroy 
seedlings. The efficacy of CAP treatment of wheat seedlings artificially contami-
nated with filamentous fungi decreased in the following order: Fusarium nivale > F. 
culmorum  >  Trichothecium roseum  >  Aspergillus flavus  >  Aspergillus clavatus 
[207]. Exposure of winter wheat grain to CAP resulted in the reduction of colonies 
of fungi forming on grain in 10 s [208]. In addition, strains of Penicillium chrysoge-
num, Cladosporium cladosporioides, and Aspergillus fumigatus were inactivated on 
artificial surfaces [209]. CAP treatment can also improve germination of canola (an 
oilseed) seedlings and protect them from damage caused by drought stress [210].

CAP can be also used for fungal decontamination of the washwater used for 
certain fruit (strawberries, cherries, red grapes) in the food and food-preservation 
sector, because the fungal counts in the washwater of moldy fruits are much higher 
than those recovered from healthy fruits. Treatment of the washwater with double 

CAP is active against molds and may thus be an alternative to toxic 
fungicides.

14 Plasma Application for Hygienic Purposes in Medicine, Industry



264

atmospheric pressure cold plasma (DAPCP) for 7.5 min significantly reduced fun-
gal cells, chiefly Aspergillus and Penicillium spp. [137]. During CAP treatment of 
fruit and vegetable processing wastewater (blackberries, date palm, tomato, beet-
root), the bacterial count was also reduced and the endotoxins in the wastewater 
were reduced by up to 90.2% [211].

14.4.4  Decontamination and Degradation of Water, Wastewater 
and Soil

CAP can microbially decontaminate and chemically degrade water and soil [131, 
212–217]. For water purification (organic pollution, contamination), dielectric bar-
rier discharge, contact glow discharge electrolysis, and pulsed corona discharge 
may be utilized [218]. In the recirculation system of hydroponics for tomato seed-
lings, the plasma reactor consisted of a wire electrode placed in an insulating circu-
lar cylinder and a grounded electrode on a cylinder. The numbers of the plant 
pathogen Ralstonia solanacearum decreased (5 log10), while tomato plant seedlings 
with discharge plasma treatment were relatively healthy [219]. Using high-voltage 
pulsed plasma can decontaminate water involved in the food industry, for example, 
that used for poultry cleansing [220]. This reduces the load of wastewater contain-
ing chlorides or secondary reaction products, such as trihalogen methane. Similarly, 
the reduction of the microbial load in wastewater from animal feeding facilities, 
especially multi-resistant bacteria such as LA-MRSA, is of importance. The effect 
is mostly caused by oxidative reactive oxygen and nitrogen compounds in combina-
tion with acidification of the environment [1, 2]. An integrated microwave plasma 
source (partially) decontaminated or detoxified wastewater loaded with surfactants, 
pesticides, herbicides, toxins, dyes, and persistent organic compounds. Water loaded 
with cyanide, for example, from fertilizer or pesticides, can be removed almost 
completely by CAP. Oxidizing radicals react with dissolved pollutants and inacti-
vate them. Plasma-derived UV radiation positively influences the deactivation of 
contaminants due to its oxidizing effect. Remnants of medications can also be 
removed effectively by short electrical impulses [1, 2, 212, 221–223]. CAP treat-
ment can also improve the bioremediation and fertility of soils [1, 2].

14.4.5  Air Purification and Air Decontamination

CAP is used for air purification in combination with inactivation of microorgan-
isms [1, 2, 224, 225]. The inactivation of bacteria or fungi is based primarily on 
ozonization. The decontamination of air polluted by volatile organic compounds, 
chlorofluorocarbons, and nitrogen oxides can be supported by CAP [226–229]. To 

In air cleansing, CAP eliminates odors, noxae, and airborne 
microorganisms.
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degrade ethylene efficiently, a reactor of corona discharge coupled with TiO2- 
activated carbon fiber is suitable [230]. CAP can also be used for the treatment of 
exhaust gas from engines, the removal of sulfur and nitrogen oxides of flue gases, 
the destruction of aromatics such as toluene, benzene and chlorobenzene, or the 
decomposition of trifluormethane or methylbutanal [231–237]. In some cases, the 
combination of biofiltration with CAP systems is useful [238]. The PlasmaNorm® 
procedure primarily filters particles and dust; afterwards, microorganisms and odor 
molecules are disintegrated by CAP. Non-disintegrated compounds are caught an 
activated carbon filter, which is continually regenerated by the plasma stream, and 
ozone is reduced to molecular oxygen [239].

14.4.6  Application in Biotechnological Processes

CAP can modify and inactivate proteins and enzymes, altering their secondary 
and tertiary structures and oxidizing the most sensitive amino acid residues of the 
proteins [83, 195, 240, 241]. A modification of functionality by CAP treatment was 
demonstrated i.e. for serum albumin, lysozyme, lactate dehydrogenase, phospholi-
pase and alkaline phosphatase [161, 242–245]. During immobilization of enzymes, 
CAP treatment can change enzymes or sorbents to improve the absorption or entrap-
ment process [246]. In general, CAP can enhance catalyst activity and stability in 
chemical or biotechnological processes [247, 248]. Amino acids in aqueous solu-
tions can be influenced by CAP in different ways, namely by hydroxylation, nitra-
tion, dehydrogenation and dimerization. Derivatization of amino acids resulting 
from CAP treatment can be categorized in descending order as follows: amino acids 
containing sulfur > aromatic amino acids > five-carbon aromatic amino acids > 
basic carbon-chain amino acids [216].

CAP improves the production of metabolites such as alcohol, triterpenes, ergos-
terol, polysaccharides and hydrogen. CAP may induce mutations in microorgan-
isms for more effective decomposition of wastewater or in solid waste treatment [1, 
2]. CAP can modify and intensify the secondary metabolism in microorganisms and 
crop plants. This was shown for the flavonol glycoside profile of Pisum sativum 
[249]. Additionally, CAP seems to influence the demethylation level of energy 
metabolism-related genes in soybean sprouts and seed germination [250]. In addi-
tion, membrane transporters were influenced by CAP, which produced enhanced 
levels of H2O2 and influenced the function of aquaporins considered as potential 
inhibitors for glioblastoma cells [251].

The penetration of biomolecules promoted by CAP might open new applications 
in the field of biotechnology [1, 2].

The application of CAP can modify microorganisms to produce higher 
growth rates and biomass, modify enzymes, change metabolism or pro-
duce special metabolites.
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14.5  Plasma-Based Modification and Functionalization 
of Surfaces

For the hardening and processing of surfaces and materials, plasmas are indispens-
able in the technical sector. CAP can be used to create polymer surface modifications 
with promising industrial and biomedical applications [252]. CAP treatment was used 
for the improvement of physicochemical and biodegradable properties of polylactic 
acid (PLA) films for food packaging [144], to create functionalized PLA with multi-
functional properties [253], and prepare biorepellent or bioabsorptive surfaces [254]. 
In other cases, PLA surfaces were coated using CAP with a chitosan layer to provide 
antifungal and antibacterial activities [255]. A significant increase in hydrophilicity, 
surface roughness and structural compactness of chitosan films was observed after 
DBD plasma treatment [256]. CAP was also applied to modify surfaces of cellulosic 
substrates, cellulose textiles (functionalized with ZnO nanoparticles as antibacterial 
treatment), impregnated cotton and viscose fabrics or nanocoated polyester-cotton-
blend curtains [257–260]. A surface modification of polyethylene films led to higher 
antimicrobial activity [261]. Furthermore, changes of denture-base acrylic resin sur-
face properties can significantly reduce Candida albicans adherence [262, 263]. 
Additionally, CAP-assisted coating of surfaces with inorganic antimicrobials, e.g., 
copper, contributes to reduced adherence and growth of microorganisms [264].

In the functionalization of surfaces, for example changes to hydrophobicity, 
MDs can be changed so that impurities and pathogens do not attach as easily, and 
detachment of those substances for processing needs is facilitated [265]. The osseo-
integration of implants may be supported [92, 266]. Polymethyl methacrylate sur-
face modification by DBD plasma improves the biocompatibility of this material 
and has antibacterial and antifungal effects [113, 267].

By attaching positively charged polymer layers on a nanoscale, adhesion and 
growth of bone cells onto implants are supported by plasma techniques. The pro-
duction of allylamine-plasma-polymer films fixates silver nanoparticles onto the 
surface; similarly, titan-copper layers can be applied. These technologies can be 
used for many material types and enables new production methods of antimicrobi-
ally effective implants or other products, such as antiseptic wound dressings, surgi-
cal suture material or fabrics [1, 2].

By treating titanium with cold oxygen plasma, a surface with antimicrobial prop-
erties was maintained for 16 days; a microbicidal titanium oxide film is under dis-
cussion as the source. This might inhibit the formation of biofilms after the insertion 
of titanium implants. The treatment of implant surfaces with CAP also supports the 
integrative and angioprotective effects, which might be a crucial benefit for the inte-
gration of implants [1, 2].

Since CAP increases hydrophobicity of surfaces, induces oxidation pro-
cesses and allows attachment of target molecules, it allows for various 
hygienic oriented applications.
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14.6  Applications for Synthesis Processes

Aqueous plasma pharmacy describes the generation and distribution of reactive 
plasma-generated species in an aqueous solution, followed by use in disinfection, 
antisepsis, agriculture, cell stimulation, and cancer treatment. The future of this 
field is also being discussed, regarding necessary research efforts that will enable 
commercialization for clinical deployment [268]. Surfactant-free silver (Ag) 
nanoparticles (NPs) stable for months can be obtained by treatment of AgNO3 solu-
tion with He/H2 bipolar pulsed discharge [269].

Present agricultural technology uses reactive nitrogen inefficiently. Animal, 
human, and food waste all contain significant quantities of organic nitrogen that are 
transformed into ammonia (NH3) by bacterial degradation of organic waste, which 
is lost into the environment and causes environmental problems. Nonequilibrium air 
plasma technology creates reactive nitrogen that can be readily converted to dilute 
aqueous nitric acid solutions. If mixed with decaying organic waste, the NH3 loss is 
greatly reduced via the formation of involatile ammonium nitrate, a nitrogen fertil-
izer. This technology could play a significant role in improving nitrogen use effi-
ciency and reducing environmental and other threats associated with the current 
systems [270].

As an alternative to classical synthesis methods, CAP allows the produc-
tion of active substances or products.

CAP applications in hygiene are conceivable in the fields of medicine, 
environmental technology, and industry (Fig. 14.1).

- Sterilization
- Decontamination in the food industry
- Optimization of biotechnological processes
- Vaccine production

- Treatment of medicinal products
- Surface modification
- Antimicrobial coating
- Antisepsis

- Cleaning of indoor air
- Cleaning of wastewater and soil
- Control of mold infestations

Medicine

Industry Environment

Cold
Plasma

~36-55°C

Fig. 14.1 Hygiene-related application areas for cold atmospheric plasma
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 Conclusion
The applications of plasma for the sterilization or decontamination of inanimate 
materials is well established in the areas of medicine, the food industry, and air 
purification. A high potential exists in the sectors of water and wastewater man-
agement as well as soil treatment, especially regarding the removal of pharmaceu-
tical remnants. Due to CAP-mediated biofunctionalization of surfaces and implant 
materials, other applications are likely to emerge. The development of easy-to-
use, mobile devices for the creation of CAP will pave the way for innovations in 
many medical and industrial fields. It is therefore expected that the properties of 
CAP will be used for many more applications in the hygiene sector in the future.
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15.1  Introduction

Since the efficacy of CAP was also proven regarding the direct application to tumors 
[1–7], the use in the field of veterinary medicine appears perceptively conceivable.

15.2  Applications for Wound Treatment

15.2.1  Causes of Delayed Wound Healing and Resulting Targets 
for CAP

On the one hand, systemic factors inhibit wound healing in terms of reduced immune 
response, blood vessel disorder with reduced oxygen supply to the wound, reduced 
energy supply due to metabolic disease or lack of nutrition, lack of coagulation 

For the application of cold atmospheric plasmas (CAP) on animals, there 
are at present two indications: treatment of mainly chronic wounds, as well 
as the (supportive) treatment of superficial infections and parasitoses.
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factors, protein building blocks or vitamins, anemia, drugs (particularly cytostatics, 
corticoids, anticoagulants, and thyrostatic agents) and hormonal diseases including 
diabetes mellitus, hyperadrenocorticism, and hypothyroidism. On the other hand, 
wound healing is prevented or inhibited by local factors in the form of foreign bod-
ies, dead tissue (necrosis), critical colonization or infection, pressure, hypothermia 
or dehydration. This can lead to the so-called dormant state of the chronic wound, 
either by a single or in the summation of different partial factors. However, even the 
acute wound cannot heal as long as it is critically colonized or infected [8–11].

Chronic wounds can be identified by the following properties [12, 13]:

 – Because the healing process consumes energy, an energy input is required for 
healing. The center of chronic wounds is hypoxic and hypothermic, the deficient 
energy supply in the tissue inhibits wound healing.

 – Increased tissue temperature (>38°C), increased partial pressure of oxygen (for 
aerobic energy supply) and increased blood flow (for the transport of energy- 
efficient substrates and removal of metabolic slag) promote wound healing.

 – Damaged cells within the wound and necrotic tissue inhibit wound healing.
 – Critical colonization / biofilm formation or infection prevents wound healing.
 – Endotoxin absorption or binding is an adjuvant for wound healing.
 – The existence of induced currents as well as the distribution of ions, on which the 

electrical signals are based on, is of high importance for the control of cell migra-
tion and cell division at the wound edge [14].

 – In chronic wounds,  all causes inhibiting healing must be eliminated as far as 
possible. Even then the healing of the wound often stagnates; in this case wound 
healing can be initiated or promoted by biochemical or physically initiated per-
foration of the so-called dormant stage [12].

The following influences have already demonstrated supportive effects for 
wound healing in the individual application:

 – Induced currents and the electrical signals on the basis of the distribution of ions 
and electric fields [14, 15],

 – Slightly elevated temperature [16],
 – Antiseptic treatment for infected and critically colonized wounds, and experi-

mental application for aseptic wounds [8, 9].

CAP treatment does cover all the listed properties. Therefore the hypothesis, that 
CAP is a new option for the treatment of chronic wounds in particular, was estab-
lished and systematically verified. In addition to the fact that the energy supply and 
the elimination of damaged cells in wounds is also promoted by CAP, the decisive 
novelty was discovered (in contrast to the sole antiseptic treatment) in the interac-
tion of antiseptic and debriding effects, induction of apoptosis and activation of 
resorptive inflammation, the dormant stage of the chronic wound is broken, and the 
wound is healed by passing through intermediate stage of the acute inflammation 
(Fig. 15.1).
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15.2.2  Results of the Preclinical Test for the Suitability of CAP 
for Wound Treatment

In model systems relevant for wound healing, the applicability of CAP with 
regard to antiseptic action and compatibility has been verified (Fig. 15.2).

In vitro CAP surpasses the microbicidal effect of the established wound antisep-
tics chlorhexidine digluconate, PVP-iodine and polihexanide [18, 19]. Furthermore, 
CAP is able to inactivate endotoxins [20]. In the 3-D epidermis model, P. aeruginosa, 
S. aureus, and S. epidermidis are inactivated without affecting the structure of the 

The synergistic potential of antiseptic and biofilm-inhibiting efficacy, 
endotoxin inactivation [17], induction of apoptosis and inflammation, up-
regulation of wound healing factors and tolerance to wounds makes CAP 
a promising option for the treatment of chronic wounds in particular.

Fig. 15.1 Targets of CAP 
in wound treatment

model aim & experimental approach

cells/cell
culture

tissue/
organs

animal
model

patient
(human/

pets)

bacterial suspension/biofilm (antimicrobial efficacy
2D/3D cell culture (antisepsis, stimulation)

keratinocyte culture (tolerability, stimulation)

HET-CAM (tolerability, inflammation)
pig eye (antisepsis, tolerability)

pig ear (tolerability, permeability)

pig/meshgraft (tolerability)

human skin, ulcus cruris, chronic wounds
(tolerability, antisepsis)

Fig. 15.2 Hierarchy for 
the pre-clinical 
investigation procedure of 
CAP
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epidermis and carrying the bacteria into the depths [12, 21]. When used on monospe-
cies biofilms of P. aeruginosa, S. aureus, S. epidermidis and C. albicans, as well as 
multispecies biofilms of saliva, CAP surpasses the efficiency of established antisep-
tics, whereas the efficacy is increased by the addition of 1% oxygen to CAP [22–29]. 
At the same time, the effect of antiseptics is reinforced by CAP [30]. Due to the 
microbicidal mechanism of action of CAP, no resistance has been induced in S. 
aureus biofilms [31]. From the range of test organisms, P. aeruginosa and S. aureus 
are considered to be relevant animal pathogens for which multiresistances are being 
described in increasing numbers. Both can infect a variety of animals, including 
mammals, as “broad host range pathogens” [32, 33]. C. albicans is also capable of 
infecting various animal species [34] and is especially pathogenic on reptiles [35, 
36]. The microbicidal efficacy demonstrated in vitro could be confirmed on the eye 
and on the skin as well as on wounds [37–41] and oral mucosa [42].

The muscosal compatibility of CAP was first examined in the hen’s egg test on the 
chorioallantoic membrane (HET-CAM) because compatible antiseptics are tolerated 
without irritation or without inhibition of wound healing in this model [43, 44], both 
for eye and wound antiseptics [45]. CAP is tolerated by the CAM comparable to 
wound antiseptics. At the same time, the promotion of blood circulation and angio-
genesis were detectable. Depending on the treatment time, tissue processes can be 
generated in the form of contraction, coagulation and inflammation-associated 
angiogenesis, which may be relevant for the activation of secondary wound healing 
[43, 44]. Possibly the programmed cell death (apoptosis) induced by CAP, as dem-
onstrated in in vitro systems, plays a decisive role [7, 46–51]. It is conceivable that in 
this way disordered cells of the wound region are inactivated and the state of the 
dormant stage is thus transformed into an acute inflammatory state [52, 53].

In a further study, an increased leukocyte-endothelium interaction with an 
increase in the rolling leukocyte fraction and leukocytes adhered to the vessel endo-
thelium as a precursor of diapedesis into the surrounding tissue was detected by 
intravital microscopy. This indicates an increased local inflammatory and immuno-
logical response of the organism to the stimulus CAP [44]. CAP is also tolerated by 
the ear as well as by the freshly enucleated eye of slaughter pigs without histologi-
cal changes [38, 54, 55].

In cell culture the proliferation of keratinocytes is promoted. In conformity with 
this, the up regulation of the following factors promoting the healing of the wound 
was demonstrated by CAP: Vascular Endothelial Growth Factor A (VEGF-A), 
Heparin-binding Epidermal Growth Factor (HBEGF), Granulocyte Macrophage 
Colony Stimulating Factor (GM-CSF), Prostaglandin endoperoxides synthase 2 
(PTGS2) and Interleukin-6 (IL-6) [56].

With dermal aseptic wound degree IIa and with complete skin loss grade III in 
the pig, the wound healing time did not differ from the control, and no increased 
inflammatory responses and no cell abnormalities were observed, which means 
CAP did not cause wound healing delay [21]. In further animal experimental appli-
cations, the animal species mouse, rat and pig have shown a very good compatibility 
for CAP [57–60].
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There was also no evidence for side effects on human skin [55, 61]. Similarly, no 
sensitization was inducible [62]. CAP only penetrates into the upper cell layers of 
the human stratum corneum [61]. Likewise in tumor tissue, the penetration depth 
does not exceed 60 μm [6], which corresponds to two to three cell diameters. This 
does not lead to any systemic risks. No mutagenic potency was detectable in accor-
dance [63, 64].

In conclusion to the studies outlined in Fig. 15.2, a treatment time of max. 5 s/
cm2 of wound surface for the continuous mode of the plasma source was derived for 
the plasma source tested by us (KinPen09, neoplas tools GmbH Greifswald, 
Germany) [43, 44].

15.2.3  Compatibility of CAP for Humane Chronic Wounds

No adverse reactions were observed in 8 trials (n = 260 patients) of treatment in 
chronic wounds [37, 39, 41, 65–69]. Even though previous data indicate no carcino-
genic potential of CAP treatment, further systematic studies are necessary.

15.2.4  Results of Wound Treatment with CAP on Animals

The efficacy of CAP with the Plasma-Jet kINPen09 using argon as carrier gas 
(5  l/min) on eight chronic wounds (Table 15.1) and 12 wound healing disorders 
(Table  15.2) previously treated unsuccessfully with conventional methods were 
examined in off-label healing experiments [43]. Prior to the application of CAP,  the 
wound margins were excised and the wounds cleaned with sterile saline solution. 
Treatment with CAP was usually performed twice a week. The treatment time per 
square centimeter was 5 s. Simultaneously, the adjacent skin was treated as well. 
Due to the fact that CAP has no remanent antiseptic effect, wound antiseptics with 

Since the mammalian organism has numerous possibilities for the enzy-
matic and non-enzymatic detoxification of oxygen and nitrogen radicals 
and the lifetime of the CAP components as well as the penetration depth 
are uncritical, it is not to be expected that the superficial treatment of 
wounds with CAP is associated with long-term risks.

The clinical course of cure after the use of CAP on chronic wounds of dif-
ferent pet species (dog, cat, guinea pig) confirmed the hypothesis that by 
using CAP on chronic wounds, the healing process is initiated via the 
intermediate stage of acute inflammation. Even acute wounds can benefit 
from treatment with CAP.

15 Application in Veterinary Medicine
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remanent efficacy and good tissue tolerability have been administered between the 
applications of CAP [43, 70, 71]. After treatment with CAP, the wounds were anti-
septically treated daily with 0.02% polihexanide in Ringer or 0.05% polihexanide in 
Lipofundin® MCT 10% or with Octenilin® wound rinse solution. Afterwards, wound 
dressings were applied as wound protectors, and these were changed daily. The 
combination of polihexanide with lipofundin further improves the already low cyto-
toxicity of polihexanide with antiseptic efficacy still guaranteed [72, 73]. Wound 
healing was assessed using the following criteria:

 – Visually noticeable change of the wound image with formation of an exudative 
wound with clean granulation tissue.

 – Measurable reduction of the wound area within 1 week.
 – Wound closure.

Table 15.1 Successful treatment of chronic wounds of dogs (D) and cats (C) with CAP

No. Species

Duration 
(month) 
of the 
chronic 
wounds

Locali-
sation Pretreatments

Underlying 
disease

Treatment 
period 
with CAP 
(weeks)

Complete 
wound 
closure, 
observation

Heeling 
after 
weeks

1 D ~60 Nose Surgery ointments, 
antiseptics

No 14 Yes 10.5

2 C ~24 Left 
foreleg

Autologous skin 
graft, antiseptics, 
antibiotics, 
ointments, wound 
dressings

Diabetes 
mellitus

14 Yes 14

3 D ~36 Left 
foreleg

Ointments, wound 
dressings, 
antiseptics

No 5.5 Yes 7.5

4 D Lifelong Face, 
ears

Immunosupressants, 
diet, antiseptics, 
antibiotics

Pemphigus 
foliaceus

10 Yes 14

5 C 2 Back Antibiotics, 
ointments

Flea bite 
allergy

3 Yes 3

6 D 6 Right 
heel

Ointments, wound 
dressings

Paraplegia, 
bedsore

4 Yes 4

7 D 0.75 Left 
armpit

Antibiotics, 
ointments, powder, 
prednisolone

Juvenile 
cellulitis, 
pemanent 
treatment 
with 
prednisolon

4 Yes 7

8 D 48 Elbow Repeated sore 
revision, antibiotics

No 2.5 No, 
reduction 
of the 
wound size, 
formation 
of 
granulation 
tissue

C. Bender et al.



289

Ta
bl

e 
15

.2
 

Su
cc

es
sf

ul
 tr

ea
tm

en
t o

f 
w

ou
nd

 h
ea

lin
g 

di
so

rd
er

s 
of

 d
if

fe
re

nt
 c

au
se

s 
of

 d
og

s 
(D

),
 c

at
s 

(C
) 

an
d 

a 
gu

in
ea

 p
ig

 (
G

P)
 w

ith
 C

A
P

N
o.

Sp
ec

ie
s

K
in

d 
of

 w
ou

nd
 

he
al

in
g 

di
so

rd
er

L
oc

al
is

at
io

n
Pr

et
re

at
m

en
t

U
nd

er
ly

in
g 

di
se

as
e

T
re

at
m

en
t p

er
io

d 
w

ith
 C

A
P 

(w
ee

ks
)

C
om

pl
et

e 
w

ou
nd

 
cl

os
ur

e,
 

ob
se

rv
at

io
n

H
ee

lin
g 

af
te

r 
w

ee
ks

1
D

Pu
ru

le
nt

 s
ut

ur
e 

de
hi

sc
en

ce
R

ig
ht

 
hi

nd
-q

ua
te

rs
Su

rg
er

y,
 

oi
nt

m
en

t, 
an

tis
ep

tic
s

N
o

14
Y

es
10

.5

2
C

Pu
ru

le
nt

 s
ut

ur
e 

de
hi

sc
en

ce
L

ef
t h

in
dl

im
b

A
nt

is
ep

tic
s,

 
an

tib
io

tic
s 

oi
nt

m
en

ts
, 

w
ou

nd
 d

re
ss

in
gs

N
o

3
Y

es
3.

5

3
D

Su
tu

re
 

de
hi

sc
en

ce
R

ig
ht

 h
in

dl
im

b
O

in
tm

en
ts

, 
w

ou
nd

 d
re

ss
in

gs
, 

an
tis

ep
tic

s

N
o

3
Y

es
3.

5

4
C

Se
ro

m
a 

fo
rm

at
io

n 
in

 
su

tu
re

A
bd

om
a

A
nt

ib
io

tic
s,

 
oi

nt
m

en
ts

N
o

1
Y

es
1

5
G

P
Se

ro
m

a 
fo

rm
at

io
n 

in
 

su
tu

re

R
ig

ht
 a

bd
om

in
al

 
w

al
l

A
nt

is
ep

tic
 la

va
ge

N
o

1
Y

es
1

6
C

Fa
t n

ec
ro

si
s,

 
su

sp
ic

io
n 

of
 

sn
ak

e 
bi

te

L
ow

er
 a

bd
om

en
A

nt
ib

io
tic

s,
 

w
ou

nd
 ir

ri
ga

tio
n

N
o

5
Y

es
ca

. 8

7
D

C
hr

on
ic

 
in

fla
m

m
at

io
n 

an
d 

w
ou

nd
 d

ue
 

to
 D

em
od

ic
os

is

A
ll 

fo
ur

 p
aw

s
A

nt
is

ep
tic

s,
 

oi
nt

m
en

ts
, 

la
va

ge

D
em

od
ik

os
is

2
Y

es
2 (c
on
tin

ue
d)

15 Application in Veterinary Medicine



290

Ta
bl

e 
15

.2
 

(c
on

tin
ue

d)

N
o.

Sp
ec

ie
s

K
in

d 
of

 w
ou

nd
 

he
al

in
g 

di
so

rd
er

L
oc

al
is

at
io

n
Pr

et
re

at
m

en
t

U
nd

er
ly

in
g 

di
se

as
e

T
re

at
m

en
t p

er
io

d 
w

ith
 C

A
P 

(w
ee

ks
)

C
om

pl
et

e 
w

ou
nd

 
cl

os
ur

e,
 

ob
se

rv
at

io
n

H
ee

lin
g 

af
te

r 
w

ee
ks

8
C

T
is

su
e 

ne
cr

os
is

 
af

te
r 

sk
in

 te
ar

 b
y 

fo
ot

fa
ll,

 p
ur

ul
en

t 
su

tu
re

 
de

hi
sc

en
ce

R
ig

ht
 h

in
d 

pa
w

A
nt

is
ep

tic
s,

 
su

tu
re

, 
an

tib
io

tic
s

N
o

6
Y

es
8

9
D

Su
tu

re
 

de
hi

sc
en

ce
 a

ft
er

 
re

m
ov

al
 o

f 
a 

m
as

t c
el

l t
um

or
 

in
cl

ud
in

g 
th

e 
re

gi
on

al
 ly

m
ph

 
no

de

Po
pl

ite
al

W
ou

nd
 r

ev
is

io
n 

an
d 

re
ne

w
 s

ut
ur

e
N

o
5,

5
Y

es
5.

5

10
D

Py
od

er
m

a
B

ac
k

A
nt

is
ep

tic
s,

 
an

tib
io

tic
s

T
um

or
 o

f 
th

e 
m

ax
ill

a 
(s

us
pe

ct
ed

 
sq

ua
m

ou
s 

ce
ll 

ca
rc

in
om

a)

1
Y

es
1

11
D

Su
tu

re
 

de
hi

sc
en

ce
 a

ft
er

 
to

e 
am

pu
ta

tio
n,

 
co

m
pl

ic
at

ed
 b

y 
m

ul
tir

es
ita

nt
 

E
. C

ol
i

R
ig

ht
 h

in
d 

pa
w

A
nt

ib
io

tic
s 

an
tis

ep
tic

s,
 

w
ou

nd
 d

re
ss

in
gs

Sq
ua

m
ou

s 
ce

ll 
ca

rc
in

om
a

4
Y

es
4

12
D

Su
tu

re
 

de
hi

sc
en

ce
 a

ft
er

 
th

um
b 

cl
aw

 
am

pu
ta

tio
n,

 
co

m
pl

ic
at

ed
 b

y 
m

ul
tir

es
is

ta
nt

 
E

. C
ol

i

R
ig

ht
 f

or
ep

aw
A

nt
ib

io
tic

s,
 

an
tis

ep
tic

s,
 

w
ou

nd
 d

re
ss

in
gs

Sq
ua

m
ou

s 
ce

ll 
ca

rc
in

om
a

6
Y

es
6

C. Bender et al.



291

In cases when the therapy with CAP could not be carried out up to the closure of 
the wound due to the animal owners, the positive change in the wound pattern and 
a measurable reduction in the wound area were regarded as success.

The results of the accelerated appearance of the inflammatory phase, improved 
granulation, epithelialization and neovascularization [7, 74], which were obtained 
previously in animal experiments, were confirmed in the treatment of the domestic 
animals. In addition, even large-area wounds had only a slight scarring after com-
plete epithelialization. With the gas flow, the CAP also reaches deep wound areas 
such as caverns and cavities, which is important in the treatment of abscess and 
seroma caves or after resection of larger tissue parts. The coagulation and 
coagulation- promoting plasma effects here [43, 75] apparently led to reduced exu-
date accumulation in the wound cavity, with the contraction-promoting effect [44] 
supporting the wound closure. Both on the wounds and on healthy skin, CAP was 
tolerated without recognizable side effects. The gas flow of the plasma jet can lead 
to tickling in sensitive areas such as the face and auditory canal. Sedation was not 
necessary in any case.

15.3  Options for Use of CAP in Infections, Parasitoses 
and Tumors

The anti-bacterial and anti-exudative effects [76, 77], which are also present in 
the hair follicles, are likely to be useful for the treatment of superficial infected 
skin diseases such as superficial pyodermia, pyotraumatic dermatitis (hotspot), 
intertrigo, talcum inflammation, acne and otitis externa [78].

On top of this, CAP is virucidal [79]. Human DNA viruses (adenoviridae, her-
pesviridae) as well as RNA viruses (respiratory viruses, caliciviridae, retroviruses) 
were similarly inactivated by CAP [80–82]. An antiviral effect could also be detected 
in an animal pathogenic feline calicivirus [83]. In the case of the following viral 
infections of pets, the use of CAP appears promising: feline calicivirus associated 
tongue ulcera, feline gingivitis stomatitis complex [84]. Due to the nonspecific 
mode of action, local effectiveness is to be assumed against other, non tested, viral 
species.

In conjunction with the antitumoral effect [1–6, 50, 51], use in canine papilloma-
tosis, or concomitantly with surgical resection of an equine sarcoid or feline squa-
mous cell carcinoma are examples for promising application areas.

Plasma operates acaricidal [85, 86]. Due to the efficacy against demodex mites 
[86] in combination with the effect of CAP [76] in the hair follicles, the use in local-
ized demodicosis or in support of severe and generalized forms of demodicosis 
appears to be successful and was proven successfully in first case at a dog [70].

The anti-bacterial, antiviral, acaricidal, antiprotozoal, anti-exudative 
and antitumoral effects open up new therapeutic possibilities.

15 Application in Veterinary Medicine
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Also S. japonicum cercariae [82] and leishmania [87] are killed by CAP; in the 
case of the cutaneous manifestation of canine leishmaniasis supportive application 
of CAP would be conceivable. On the other hand, it appears questionable to reach 
manifested cercariae with CAP.

 Conclusion

The transition from the chronic wound to resorptive inflammation [88] with 
the promotion of cell proliferation and differentiation as well as microcircula-
tion and increased leukocyte-endothelial interaction [89] is presumably due to 
the electric field [90] in combination with the radicals contained in CAP with 
activation of the respiratory burst and the redox-coupled wound healing [17]. 
The increased leucocyte- endothelial interaction reflects an increased local 
inflammatory and immunological response of the organism to the stimulus of 
the CAP. The clinical course of cure is initiated after the application of CAP 
in chronic wounds, via the intermediate stage of acute inflammation. So far, 
no undesirable side effects have been observed in wound treatment with CAP, 
therefore CAP can be used in combination with remanent antiseptics for the 
treatment of chronic wounds on animals [70]. Apparently the combination 
with a remanent antiseptic is necessary on at least critically colonized or 
infected wounds because no adequate results have been achieved with the 
use of CAP alone in chronic ulcers in human medicine without remanent 
antiseptics [91].
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16.1  Introduction

The area of medical applications of cold atmospheric plasma (CAP) is including 
skin disinfection, tissue regeneration, chronic wounds and cancer treatment. Clinical 
studies are encouraging and generally conclude that CAP is well-tolerated and 
causes no severe side effects or complications [1–3]. Understanding the effects of 
CAP as well as its unexpected low side effects requires an analysis of the biological 
chemistry of CAP constituents. Of particular interest thereby are reactive oxygen 
and nitrogen species (ROS and RNS), as well as the sophisticated control systems 
of cells directed towards ROS and RNS. This knowledge may help to avoid the 
emergence of side effects at high doses of CAP or when its composition is changed. 
Cellular control systems directed towards ROS and RNS have evolved as (1) cells 
are using ROS and RNS for multiple biological functions, (2) ROS and RNS have 
intra- and intercellular signaling functions, (3) ROS and RNS are used for antimi-
crobial and antioncogenic defence mechansims, (4) and organisms are also con-
fronted with exogenous sources of ROS and RNS [4–7].

An impressive example of the multiple modes of ROS and RNS action and 
its control becomes overt when the interactions between Helicobacter pylori 
(H. pylori) and human tissue are studied [8]. The analysis of this interaction 
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demonstrates the role of ROS and RNS for the (1) defence towards the bacteria, (2) 
induction of mutagenesis after chronic infection with H. pylori; (3) establishment of 
the transformed state of cells and (4) mechanisms counteracting and eliminating 
transformed cells. It also shows the role of the protective functions of catalase and 
SOD for H. pylori and the malignant cells.

The take-home lesson from this scenario for other applications, such as CAP 
treatment, is the necessity to study the quality of ROS/RNS, their site of application, 
their dose, the length of time of application and the strength as well as the dynamics 
of counteracting antioxidative systems. This then may allow to evaluate the poten-
tial benefit or risk from the application of ROS/RNS.

Cold atmospheric plasma supplies UV radiation, free electrons and ROS and RNS 
such as superoxide anions (O2• ─), hydroperoxide radicals (HO2•), hydrogen perox-
ide (H2O2), hydroxyl radicals (•OH), singlet oxygen (1O2), nitrogen monoxide (•NO), 
nitrogen dioxide (•NO2), nitrite (NO2

─), nitrate (NO3
─), peroxynitrite (ONOO ─), 

hypochlorite anion (OCl─) and dichloride anion radicals (Cl2• ─) [9–17]. These spe-
cies show divergent free diffusion path lengths, different reactivities and multiple 
modes of interactions [9, 17].

16.2  Biological Effects of CAP and Risk Assessment

When CAP is allowed to directly interact with enzymes or DNA, its damaging and 
mutagenic potential is easily demonstrated and light is shed on the underlying 
mechanisms [18, 19]. However, though showing the strong reactivity of CAP, these 
data cannot be directly translated into risk assessment, mainly for two reasons: (1) 
only few CAP-derived species can indeed enter cells. These are essentially (i) NO 
that passes the cell membrane, and (ii) H2O2 that enters the cells through aquapo-
rins. Other reactive species like singlet oxygen, peroxynitrite, hydroxyl radicals and 
hypochlorite can be expected to react with the extracellular matrix or the cell mem-
brane, rather than to enter the cell. (2) Multiple antioxidative defence systems of 
cells will counteract intruding CAP constituents and their reaction products. In line 
with these assumptions, no genotoxic risk by CAP treatment above the dose range 
used for the treatment of chronic wound has been demonstrated when the 
hypoxantine- guanine phosphoribosyl transferase-1 (HPRT1) mutation assay, the 
test systems for micronuclei formation and colony formation had been applied [20–
22]. Boxhammer et  al. [20] showed that whereas 30  s treatment with their CAP 
device caused inactivation of E. coli by 5 log steps, even 120 s of treatment did not 
cause detectable genotoxicity. In the study by Kluge et al. [21], using a cold argon 
plasma jet (kinPenMed), a dose of CAP tenfold above the usual dose used for the 
treatment of chronic wounds did not cause genotoxic effects. A study by Wende 
et al. [23] demonstrated that higher dose ranges of CAP applied to HaCaT keratino-
cytes may cause single strand breaks, but no double strand breaks. Importantly, the 
single strand breaks were only detected immediately after treatment and were no 
longer detected at 24 h after treatment. This important finding demonstrates that the 
defence system of the cells is also efficient at the level of repair, in cooperation with 
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prevention and interception, following the concept of protection against oxidative 
stress as originally outlined by Sies [4]. A study by Isbary et al. [24] showed that 
CAP treatment of ex vivo skin samples up to 2 min was tolerable for the skin and 
did not lead to double strand breaks, in line with the findings presented by Wende 
et al. [23]. The absence of genotoxic effect after CAP treatment at the indicated 
doses is in perfect agreement with the observations that CAP did not induce a long 
term oncogenic effect in an animal model [25, 26] and human studies [26].

It is predictable that glutathione should be one of the central and determining 
molecules involved in the intracellular defence towards CAP-derived ROS and 
RNS, either through its potential for direct interaction, or as essential cofactor for 
glutathione peroxidase and phospholipid hydroperoxide glutathione peroxidase. 
These enzymes protect cells against the damaging effects of lipid peroxidation. The 
interaction between CAP and glutathione has been carefully studied by Ke and 
Huang [27] and Klinkhammer et al. [28]. It is reasonable to assume that the intracel-
lular glutathione level, in interaction with other intracellular antioxidant defence 
mechanisms like catalase, glutathione peroxidase and peroxiredoxin, lowers the 
level of intruding molecules from CAP to a level where damaging effects are abol-
ished and only physiological signaling functions are remaining. Therefore, cells are 
definitely sensing CAP treatment. They then respond with an upregulation of anti-
oxidant defence systems, but potentially also with proliferation. In the case of skin 
cells or immune cells, these proliferation-stimulating effects can even contribute to 
the beneficial effects of CAP treatment on wound healing [25, 29–36].

There is a general consensus that CAP treatment at appropriate doses that are 
used under defined conditions is free of risks and does not cause severe side effects 
[2, 3, 33, 37]. Several clinical studies demonstrate the efficacy and safety of CAP 
treatment [1, 26, 38–45]. In line with these results, Schuster et al. [46] summarized 
the findings on CAP treatment of 20 patients suffering from advanced head and 
neck cancer and contaminated ulcerations. They reported mainly very mild reac-
tions in a few cases.

Though more studies are required in the expanding field of plasma medicine, the 
existing data and concepts are encouraging and should allow to define strategies for 
prevention of side effects in future applications. This is especially important as dif-
ferent CAP devices and non-standardized CAP compositions are going to be used.

The following sections suggest a rational approach for side effect evaluation and 
management.

16.3  Approach for Side Effect Evaluation and Management

16.3.1  CAP Treatment of Infected Tissues

Conditions for efficient bacterial decontamination of chronic wounds by cold atmo-
spheric plasma without negative side effects on the regenerating tissue have been 
established by many researchers [1, 2, 45]. The removal of biofilms as well as indi-
vidual bacteria is essential for wound healing. It acts in concert with beneficial 
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effects of plasma on the wound healing process. Bacterial decontamination through 
application of CAP also represents an early and essential step during palliative can-
cer treatment. It has been shown to be very efficient. In several cases, this treatment 
seemed to be followed by a CAP-mediated antitumor effect [47, 48]. An analysis on 
20 patients suffering from advanced head and neck cancer and contaminated ulcer-
ations showed mainly very mild reactions in a few cases [46].

Successful decontamination of infected cancer ulcerations and wounds by cold 
atmospheric plasma [1, 2, 47], without harming nonmalignant tissue, indicates that 
the effect of plasma on bacteria must be more complex and sophisticated than com-
parable direct antimicrobial effects of chemical disinfectants or radiation. Otherwise 
a certain degree of damage of the tissue would be expected, especially in the case of 
regenerating tissue in a healing wound. A reflection on the dose of CAP applied for 
treating a chronic wound and on the ROS/RNS species within CAP or generated 
after CAP/liquid interaction might give an explanation for the observed effects. It 
also might help to determine the parameters required to avoid unwanted side effects. 
Figure 16.1 shows two conceivable alternative modes of action of CAP, determined 

a b

Fig. 16.1 Antibacterial treatment with CAP. (a) A relatively low dose of CAP triggers a specific 
target response in bacteria. The target response and not CAP itself cause the antibacterial effect. 
Therefore the required dose of CAP is low, but specific CAP constituents such as singlet oxygen 
are required. CAP is sensed by the tissue and causes induction of a protective antioxidant defence 
(AOD). Therefore mutagenic effects are avoided and cell proliferation is possibly induced. (b) 
High doses of CAP have a direct damaging effect on bacteria but also can cause depletion of the 
antioxidant defence of tissue, leading to mutagenesis and cell death
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by its dose and effectiveness of compounds. The dose applied in Fig.  16.1a is 
assumed to be too low to cause (1) a direct destruction of bacteria and (2) a sus-
tained negative effect on healthy tissue. The mechanism underlying the indirect 
damaging effect of CAP on bacteria is assumed to trigger a cascade of effects within 
the bacteria that specifically damage the bacteria. In this way they cause their elimi-
nation. In this scenario, CAP would be the selective trigger that induces a strong, but 
locally restricted damaging effect in the target structure bacterium. This damaging 
effect would depend on the metabolism of the bacteria. As the required dose for the 
initial triggering effect of CAP may be reasonably low, the surrounding tissue would 
not be negatively affected. As the cells seem to sense the applied CAP constituents 
(those that are triggering the specific effect in bacteria as well as those that are 
accompanying), the upregulation of their natural antioxidant defense system will 
prevent ROS/RNS-related damages within the cells. H2O2 may be one of the central 
molecules involved in this scenario [32, 49]. H2O2 may enter the cells through aqua-
porins, but its concentration can be expected to be minimized by the intracellular 
antioxidant systems to the level of biological signaling functions [5, 6]. As low 
concentrations of H2O2 regulate fine-tuned proliferation control, cells in the regen-
erating wound may be stimulated by this process. They thus contribute to the suc-
cess of treatment [30, 49, 50]. Though the exact mechanism of CAP-mediated 
killing of bacteria is still a matter of scientific debate, the combination of several 
experimental findings allow to establish circumstantial evidence for the model pre-
sented under Fig. 16.1a. Wu et al. have shown that CAP-mediated effects on bacte-
rial killing are mainly due to singlet oxygen contained in or generated by CAP [51], 
as scavenging of singlet oxygen largely abrogated the antibacterial effect. This find-
ing is in perfect agreement with data that show the very efficient antibacterial poten-
tial of singlet oxygen [52, 53]. According to Dahl et al. [52] singlet oxygen-dependent 
bacterial killing was about 3–4 orders of magnitude more effective as bacterial kill-
ing by H2O2. Even extremely radiation-resistant bacteria like Deinococcus radio-
durans were highly sensitive to singlet oxygen-dependent inactivation [54]. The 
report on the inactivation of bacterial respiratory chain enzymes by singlet oxygen 
[55] might be the clue for the understanding of the remarkable inactivation of bac-
teria by singlet oxygen. It therefore seems to be likely that the damaging effect of 
singlet oxygen on bacteria is not based on general destruction of bacterial compo-
nents by singlet oxygen (which would require a large number of hits), but that the 
site-directed inactivation of central elements of the ATP generating system by a 
relatively low dose of singlet oxygen causes a strong subsequent effect on bacterial 
survival through depletion of their ATP-generating system. Based on direct mea-
surements of singlet oxygen action directed towards mammalian cells [56], it may 
be concluded that the singlet oxygen doses required for decontamination of bacteria 
are not sufficient to harm nonmalignant cells. This conclusion, that fits the actual 
findings for CAP-based contamination, is also substantiated by the fact that singlet 
oxygen generated by photosensitizers is effective towards bacteria-induced dental 
caries without affecting the tissue in the mouth [57]. It becomes obvious from 
Fig. 16.1b, that a dose of CAP that is sufficiently high to directly damage bacteria 
might do this at the price of damaging effects on the tissue. A high dose of CAP can 
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be predicted to cause an initial depletion of cellular antioxidants (especially gluta-
thione in its reduced form) which can be expected to be followed by mutagenesis 
and/or induction of apoptosis or necrosis.

Therefore, efficient management of, or outright prevention of side effects during 
the antibacterial treatment of chronic wounds, ulcers and tumors appears to require a 
combination of the right dose and the right composition of CAP. These two aspects 
then meet the requirements for the triggering function of CAP for induction of a 
damaging effect in the bacteria without negatively affecting the healthy tissue. It 
seems that the concentration of singlet oxygen in CAP as well as the potential of 
other CAP constituents to generate singlet oxygen after interaction [17] might be one 
of the most crucial factors for this determination. The concentration of H2O2 might 
also be important for predictions of the side effects. However, further experimental 
work along these lines and a thorough investigation of the properties and character-
istics of various CAP-generating devices to be use is highly recommended.

In order to avoid mutagenic effects after CAP treatment due to damaging doses 
of certain CAP constituents, it seems reasonable to reflect on those constituents that 
may enter tissues and cause depletion of the antioxidant defence and subsequent 
mutagenesis. The effect of CAP on GSH in solution and its mutagenic effect on 
isolated DNA are obvious. However, hazardous biological effects require defined 
CAP constituents to enter target cells and act inside, being faced with a strong and 
flexible biological antioxidant defence system. As shown in Fig. 16.2, CAP con-
stituents like singlet oxygen, hydroxyl radicals or peroxynitrite have little or no 
chance to enter a cell, as they will react with reaction partners in the cell membrane. 
If the concentration of these ROS/RNS is sufficiently high and the counterbalance 
by glutathione peroxidase/GSH is insufficient, this may trigger the onset of apopto-
sis. By contrast, both hydrogen peroxide and nitric oxide may easily enter cells, the 
former through aquaporins and the latter readily passes the membrane. These com-
pounds or their reaction products can be expected to be counteracted by the antioxi-
dant system in several ways. Only if the cellular antioxidant status is lowered by the 
insult or in defined local situations, the reactions outlined in Fig. 16.2 have a chance 
to contribute to mutagenesis, damage or signaling. Based on a rich literature, 
hydroxyl radical formation based on Fenton chemistry of H2O2 or decomposition of 
peroxynitrous acid might be one driving force for mutagenesis, provided it occurs at 
the right site, i.e. in the nucleus. In addition, the intracellular generation of singlet 
oxygen might lead to mutagenesis as well. A deeper understanding of these pro-
cesses and the chance to modulate the composition of CAP may be instrumental to 
avoid damaging and mutagenic effects of CAP and to develop further improvement 
of treatment in the future.

16.3.2  Treatment of Tumors with CAP

CAP has been shown to trigger a strong apoptosis or necrosis-inducing effect on tumor 
cells in vitro and on tumors in vivo [48, 58–73], reviewed in Keidar et al. [74–76], 
Schlegel et al. [77], Tanaka et al. [78]; Barekzi and Laroussi [79]; Laroussi [80, 81]; 
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Laroussi et al. [82]; Graves [10]; Ratovitski et al. [83], Yan et al. [84]; Gay- Mimbrera 
et al. [85], Babington et al. [86]. The review of CAP treatment of tumor cells in vitro 
and in vivo by Keidar et al. [74–76], Schlegel et al. [77], Barekzi and Laroussi [79]; 
Laroussi [80, 81]; Graves [10]; Ratovitski et al. [83], Yan et al. [84]; Gay-Mimbrera 
et al. [85], Babington et al. [86] leads to the common theme that anticancer effects of 
CAP i) have the potential to be selective with respect to the malignant phenotype of 
target cells, i) seem to be mediated or at least initiated by CAP-derived reactive oxy-
gen/nitrogen species (ROS/RNS) and iii) are amplified by intracellular ROS. A selec-
tive action of precisely defined doses of CAP towards tumor cells has been established 
in many publications by direct comparison of tumor and corresponding nonmalignant 
cells. Whereas the tumor cells were responsive to CAP treatment, the nonmalignant 
control cells showed no apoptosis induction or only a marginal effect [62, 65, 74, 76, 
87–90]), reviewed in Schlegel et al. [77]; Utsumi et al. [91]; Ishaq et al. [92]. These 
findings are the inspiring basis for the further development of CAP-based tumor ther-
apy [47, 48, 93].

Fig. 16.2 Intracellular effects of CAP. CAP-derived species like peroxynitrite, hydroxyl radicals 
and singlet oxygen have no chance to enter the cell as they react with extracellular matrix or the 
cell membrane (#1). H2O2 enters the cells through aquaporins (AP) (#2). NO passes the membrane 
directly (#3). H2O2 may contribute to intracellular signaling (#4) or may be the source for hydroxyl 
radicals after Fenton reaction (#5–#7). The reaction between NO and superoxide anions yields 
peroxynitrite (#8) that may lead to the generation of hydroxyl radicals (#9, #10). Reactions #11–
#14 lead to the generation of singlet oxygen. In case the antioxidant defence system of the cells 
does not remove hydroxyl radicals, peroxynitrite or singlet oxygen, these species may cause dam-
age. If these species are produced within the nucleus and not counteracted by the antioxidant 
defence, mutagenesis may be induced
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However, it is also important to realize that sufficiently high doses of CAP may 
cause induction of apoptosis or necrosis in nonmalignant cells as well [23, 35, 49, 
94, 95]. These investigations will help to determine the limit of CAP application in 
order to prevent unwanted damage to nonmalignant tissue during tumor treatment. 
Importantly, the study of CAP effects on immune cells [95] presented the unex-
pected finding that nonmalignant immune cells (CD4+ T helper cells and mono-
cytes) reacted more sensitively to CAP treatment than corresponding leukemic 
cells. This finding points to the need for more information on the mode of interac-
tion between defined constituents of CAP with immune cells, in order to avoid 
unwanted side effects on the immune system and to establish an efficient antitumor 
effect through CAP-based tumor treatment.

Recent work strongly indicates that tumor treatment by radiation, chemotherapy 
and photodynamic therapy can only be successful, when the initial treatment trig-
gers immunogenic cell death (defined by the release of DAMPS) [96, 97] or immu-
nogenic modulation [98]. These processes may be mechanistically linked. They 
cause the induction of a response that is mediated by attracted antigen presenting 
cells (APC) and is finalized by activated specific cytotoxic T cells. Importantly, 
CAP-mediated triggering of immunogenic cell death and parallel activation of anti-
gen presenting cells has been directly demonstrated [99, 100]. These findings are in 
line with the recent finding that a CAP-induced antitumor effect in vivo also affects 
an untreated tumor at a distant side of the animal [73]. These findings show that 
CAP is an efficient and selective inducer of immunogenic cell death. Immunogenic 
cell death then results in a T cell response that is fully effective even in the absence 
of plasma treatment. Importantly, this provoked T cell response might be instrumen-
tal to target migrating tumor cells as well as metastatic tumor cells at distant loca-
tions from the clinically overt tumor.

The potential interaction between CAP-dependent selective apoptosis induction 
in tumor cells, that is related to immunogenic cell death and HOCl-mediated immu-
nogenic modulation and the subsequently established T cell response has been 
recently summarized by Bauer [101] (Fig. 16.3). This model is based on

 1. the protection of tumor cells against exogenous ROS/RNS through membrane- 
associated catalase and the constitutive expression of NOX1 by tumor cells, related 
to the establishment of ROS/RNS apoptosis-inducing signaling [102–104];

 2. abrogation of this protection through CAP-derived singlet oxygen [17, 101] or 
singlet oxygen generated in PAM [105],

 3. subsequent reactivation of intercellular signaling through the HOCl and the NO/
peroxynitrite signaling pathway,

 4. influx of H2O2 through aquaporins,
 5. subsequent induction of immunogenic cell death and provocation of a cytotoxic 

T cell response,
 6. enhancement of the cytotoxic T cell response through modification of tumor cell 

proteins by HOCl [106, 107].
 7. NO-mediated processes, triggered by T cell activity, leading to the inactivation 

of protective catalase [101, 104].
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The model shown in Fig. 16.3 takes into account that CAP may get involved with 
this complex process at distinct points, such as (1) inactivation of catalase; (2) gen-
eration of secondary singlet oxygen; (3) intercellular ROS/RNS signaling, (4) 
aquaporin- mediated effects, (5) stimulation of immune cells. Potential CAP effects 
at these different stages are not necessarily due to the same molecular species. For 
example, singlet oxygen seems to be centrally involved in the inactivation of 

Fig. 16.3 CAP may act at different sites during tumor treatment. Singlet oxygen from CAP (#1) 
causes local inactivation of membrane-associated catalase of tumor cells (#2) and thus allows the 
generation of secondary singlet oxygen, based on the interaction between free peroxynitrite and 
H2O2 (#3). This leads to the inactivation of more catalase molecules (#5) and finally HOCl and/or 
peroxynitrite (PON)-dependent apoptosis-inducing signaling is reactivated (#6). This signaling 
causes tumor cell death (#11), but also modifies tumor antigens (#8) and makes them more attrac-
tive for antigen presenting cells (APC) (#14). This effect acts in line with classical immunogenic 
cell death that is characterized by the release of Damage-associated molecular patterns (DAMPS) 
(#13) and the stimulation of APCs. As shown by Fridman, Lin and Miller [99, 100], CAP causes 
release of DAMPs that stimulate APCs. In parallel, the inactivation of catalase allows extracellular 
H2O2 to enter the tumor cells through aquaporins (#9) and thus to enhance apoptosis, as suggested 
by Keidar, Yan and colleagues [112, 113]. The cytotoxic T cell response resulting from the stimula-
tion of APCs (#16) causes tumor cell death (even at sites distant of treatment) (#17). In addition, 
interferon gamma and FAS ligand derived from T cells induces NOS (#18) and thus causes 
NO-dependent inhibition of catalase (#19), which leads to the generation of secondary singlet 
oxygen (#20) and reactivation of intercellular apoptosis-inducing signaling through reactions #21–
#23. This interplay establishes mutual enhancement between ROS/RNS signaling and immuno-
logical effects directed towards tumor cells. Importantly, CAP might act on many distinct steps 
along this scheme (#1, #4, # 7, #10, #15). This may cause enhancement or inhibition of treatment 
and even might cause unwanted side effects
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protective catalase, whereas CAP-derived H2O2 and peroxynitrite may contribute to 
the generation of secondary singlet oxygen and to intercellular apoptosis-inducing 
ROS/RNS signaling. There may be different optimal doses for distinct ROS/RNS 
from CAP for enhancement of wanted effects, as well as for preventing negative 
effects that disturb this balanced interaction. The elucidation of these requirements 
will be a challenge for those colleagues that modulate the composition of plasma 
and for the studies that are focused on the determination of optimal therapeutic 
effects and avoidance of side effects that otherwise might interfere with therapy or 
damage nonmalignant tissue.

Based on our present knowledge, a tumor might be treated with two different 
strategies (Fig. 16.4). As shown in Fig. 16.4a, local application of a nonselective 
high dose of CAP specifically to the site of tumor would cause cell death of the 
tumor in focus and some adjacent nonmalignant tissue. The resultant immunogenic 
cell death would preferentially trigger a tumor specific T cell response, mediated by 
APCs. However, the high concentrations of CAP-derived ROS and ROS set free 
during execution of cell death might lead to the modification of antigens on nonma-
lignant cells and thus cause the induction of potential autoimmune processes [108, 
109]. This theoretically conceivable unwanted side effect seems to be much less 
likely when CAP treatment causes selective induction of cell death in tumor cells 
through triggering the reactivation of ROS/RNS-dependent apoptosis-inducing sig-
naling after inactivation of protective catalase (Fig. 16.4b). This scenario is based on 
signal amplification by the target cells [17, 101, 110, 111], and therefore seems to 
require doses that are nontoxic to nonmalignant tissue. This approach should lead to 
immunogenic cell death preferentially in tumor cells. It thus would cause the desired 
highly specific cytotoxic T cell response directed towards the tumor itself and bear 
the chance to reach distant metastatic tumor clones as well.

 Conclusions

The present use of CAP for skin disinfection, tissue regeneration, treatment of 
chronic wounds and cancer shows a surprisingly low incidence of unwanted side 
effects. The reason for this finding seems to be based on specific signaling func-
tions of CAP-derived ROS/RNS, their extracellular application and the provoked 
cellular antioxidant systems. An evidence-based analysis allows to propose a 
model in which CAP is not a direct effector of antimicrobial or antitumor action, 
but rather triggers a singlet oxygen-mediated switch-on effect on the specific 
target, leading to energy depletion in bacteria and to reactivation of intercellular 
ROS/RNS-dependent apoptosis signaling in tumor cells. As these final processes 
are strictly restricted to the specific targets due to the biochemistry of the switch-
on mechanism and its consequent reactions. As normal tissue is devoid of the 
required target structure to allow switch on by singlet oxygen, it is neither harmed 
nor affected. This explains the lack of severe side effects of CAP treatment, pro-
vided the optimal doses and the adequate composition of CAP are applied. It is 
suggested that those reports that demonstrate damaging effects of CAP in model 
experiments or show nonselective effects in tumor cell treatment might be 
extremely useful to define the borderline between beneficial and detrimental 
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a

b

Fig. 16.4 Different modes of tumor treatment by CAP. (a) Site-specific treatment of tumors with 
high concentrations of CAP may cause cell death of tumor cells as well as of adjacent nonmalig-
nant tissue. ROS/RNS-dependent modifications of tumor cell proteins may be instrumental for 
the induction of a specific T cell response, whereas modifications of proteins from nonmalignant 
cells might trigger autoimmune processes. (b) Treatment of tumors with CAP doses that are not 
damaging per se but trigger a damaging response selectively in the tumor cells, will lead to selec-
tive cell death of tumor cells that may cause specific stimulation of immune effects directed 
towards tumor cells
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effects of CAP. Further work is required to experimentally verify or falsify these 
conclusions and to work out more biochemical details that may be instrumental 
for further optimization of CAP-dependent medical applications.
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17.1  Plasma in Dental Implantology

17.1.1  Aspects of Implants and Peri-Implantitis (Implant- 
Associated Inflammation)

The use of implants belongs to the standard repertoire of possible treatment options 
in dental practice and is growing in popularity due to decreasing costs. In recent 
years, implantation numbers have continued to rise (approximately 14 millions 
worldwide). Similar to teeth, implants can also be affected by infection and inflam-
mation, which may lead to bone destruction. In approximately 20% of the patients 
and 10% of the implants, peri-implantitis [1] occurs. In a Swedish study, it was 
reported that implant loss occurs in 4.2% of patients after 9 years, which corre-
sponds to 2% of the implants [2].

Peri-implantitis is an inflammation of the implant bed with a loss of bone tissue 
caused by bacteria embedded in a biofilm (Fig.  17.1). The biofilm increases the 
survival capacity of the bacteria against the immune defense and intensifies the 
inflammatory reaction of the surrounding tissue, which can subsequently lead to 
bone resorption (Fig. 17.2). Similar to periodontitis, bacterial deposits first cause a 
reversible inflammatory reaction, which affects the mucosa (peri-mucositis) and 
subsequently leads to an irreversible, progressive destruction of the surrounding 
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bone (peri-implantitis). This is reflected in increased probing depth and bleeding on 
probing. Commonly occurring and inflammatory associated gram-negative anaer-
obes are Prevotella intermedia, Porphyromonas gingivalis, Actinobacillus actino-
mycetemcomitans, Bacteroides forsythus, Treponema denticola, Prevotella 
nigrescens, Peptostreptococcus micros and Fusobacterium nucleatum [3].

The treatment of peri-implantitis infected dental implants is a challenge for the 
treating dentist. If the implant is not removed, the affected implant must be cleaned 
and disinfected in order to facilitate the healing process and re-osseointegration.

Fig. 17.1 Pictures from reflected light microscope and scanning electron micrograph (Dental 
School, University Medicine Greifswald, Germany) of an explanted implant affected by peri- 
implantitis. A dense biofilm covering the entire implant surface is clearly visible

Fig. 17.2 X-ray images (Dental School, University Medicine Greifswald, Germany) of two man-
dibles with two or four implants. Due to peri-implant inflammation, there is clear bone loss around 
the first implant (picture left) and the second implant (picture right)
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17.1.2  Non-Surgical Peri-Implantitis Therapy

A non-surgical treatment, which predictably leads to a successful resolution of peri- 
implantitis, as performed in periodontitis, does not currently exist. Reversible con-
ditions can only be achieved for peri-mucositis treatment. By means of suitable 
mechanical cleaning methods and/or antibacterial solutions and early diagnosis, 
further progress of the inflammation and the manifestation of peri-implantitis can be 
prevented [4]. Due to the complex shape, the screw threads and the microrough 
titanium surface, cleaning methods such as those used in teeth are currently 
unsuitable.

17.1.3  Surgical Peri-Implantitis Therapy

The surgical peri-implantitis procedure includes the removal of the granulation tis-
sue in the peri-implant area and the subsequent decontamination of the implant 
surface with disinfection rinses and mechanical methods. The aim of the treatment 
is bone regeneration and the re-osseointegration of the exposed implant part. None 
of the current procedures leads to a predictable success of the treatment [5]. For the 
re-attachment of bone cells to previously bacterially contaminated implant surfaces, it 
is important that the surface is free from vital bacteria and dead bacteria residues [6]. 
The use of cold plasma could contribute to re-osseointegration.

Cold atmospheric pressure plasma (CAP) showed antimicrobial effects, antioxi-
dant effects, immunomodulatory effects, as well as the possibility of biocompatible 
surface modifications like influencing cell adhesion or antibacterial coatings [7–13], 
and also had wound healing properties [14–16]. This mix promises new therapeutic 
approaches for dental implantology. Reading the literature it must be noted that there 
is not only a single plasma device, but there exist many different plasma sources with 
different physical set-ups and gas mixtures which result in a great variability of the 
physical effects, which in turn may have very different biological effects.

A safe, predictable and non-invasive treatment option currently exists 
only for peri-mucositis.

For the surgical treatment of peri-implantitis, there are currently no 
recommended protocols that are promising or should be preferred.

Similar to periodontitis in natural teeth, peri-implantitis at implants is 
a bacterial disease that causes inflammation which in turn leads to bone 
destruction. If untreated, peri-implantitis can lead to implant loss.
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Against the background of the findings reported so far reported and the combin-
able effects for disinfection, surface functionalization and possible wound-healing 
stimulation properties of plasma, the use of atmospheric pressure plasmas is con-
ceivable in the field of implantology both for prevention and treatment of 
peri-implantitis.

17.1.4  Antimicrobial Effect of Cold Plasma

Medical plasma will usually be generated by using the working gases helium, argon 
or mixtures of these with oxygen or nitrogen as well as air [17, 18].

The antimicrobial effect of the different plasmas (different working gases 
and energy transfer used) are mainly caused by the excited and ionized gas 
species and subsequently by their produced reactive species after contact with 
the surrounding air at the working place or after contact with the treated sub-
strate, as well as caused by emitted ultraviolet radiation. Especially, reactive 
oxygen and nitrogen species seem to play the key role in inactivating microorgan-
isms [19, 20]. Therefore, the reactive components generate oxidative stress and 
destabilize or destroy lipid and polysaccharide structures by oxygenation processes 
and radical chain reactions on microbial membrane and cell walls or organic sub-
strates [19].

It should be noted that the distance between the exit point of the plasma or 
the location of the plasma formation toward the sample with the biofilm influ-
ences the effectiveness of the plasma. Usually the plasma effect decreases rap-
idly with increasing distance.

17.1.5  Disinfection of Microbially Contaminated Implants

The antimicrobial effect of plasma was often investigated and confirmed [7, 8, 
13, 21–23].

In-vitro-results showed that the single use of cold plasma [24, 25] or with an 
additional mechanical pre-treatment [26] can lead to a sterile surface under specific 
conditions and properties.

The study of Duske et  al. [26] demonstrated that neither the sole mechanical 
treatment nor the sole plasma treatment led to sterile surfaces. However, after the 
combined mechanical and plasma treatment the biofilm-coated discs were sterile 
(Fig.  17.3). This was confirmed by subsequent cultivation of treated discs with 
seeded osteoblastic cells on the disc surface for a period of 5 days in cell culture 
media, with the result that osteoblastic cells could spread over the specimen surface 
but no microbial regrowth was detectable.

To our knowledge there is only one currently published in-vivo-study (in beagle 
dogs), which investigated CAP as a new therapy option for treating peri-implantitis 
[27]. This study showed promising results between the two investigated groups 
(scaling with subsequent chlorhexidine treatment alone or with additional cold 
atmospheric plasma); the bone level was significantly higher and the detection of 
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Brush Brush + CAP

1 h

48 h

72 h

120 h

Fig. 17.3 Cleaning of a rough implant surface with a brush or a combination of brush and subse-
quent plasma treatment. After 1 h of incubation, the brushed surface seemed to be devoid of bac-
teria, but on closer inspection it was found that the brush left some vital bacteria on the surface. 
After 48 h, a biofilm had formed, which further matured into a dense biofilm after 120 h. The 
combined treatment with a brush and plasma always achieved a sterile surface, because vital bac-
teria were killed and microbial residues were removed by the final plasma treatment. Thus no 
microbial regrowth is shown
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Porphyromonas gingivalis and Tannerella forsythia had decreased after 3 months of 
plasma treatment [27]. However, that study did not include plasma treatment com-
bined with an efficient mechanical pre-treatment such as air polishing, which could 
further improve the results [28].

Further, to reduce treatment time and to increase the antimicrobial effect of CAP, 
some studies investigated the combination of different antimicrobials such as 
sodium hypochloride and chlorhexidine, which can lead to increased efficiency [22, 
27, 29, 30]. Combined application of conventional mechanical and antiseptic treat-
ment with CAP should be further investigated to find the optimal treatment regime.

Cold plasma is suited as a new adjuvant therapy to inactivate and to remove 
microorganisms from implant surfaces, because beside their antimicrobial effect, 
plasma will not or virtually not destroy the implant surface. Also, the gaseous 
plasma flow could spread along the implant and could reach difficult-to-access 
areas (deeper regions, screw threads). This feature could be an important advantage 
of plasma compared to sole mechanical treatment and antiseptic rinse and therefore 
become a helpful adjuvant therapeutical option to improve peri-implantitis 
treatment.

However, it is also known that plasma can etch synthetic materials and organic 
substances [24, 31]. The etching effect depends on the working gas used and the 
energy input. For example, with increasing oxygen content in the inert gas for 
plasma ignition the etching effect can be increased. It was shown that especially 
carbon-carbon (C-C) and carbon-hydrogen (C-H) bonds were oxidized and the 
number of chemical oxygen rich groups increased [32]. This effect could also be 
helpful in eliminating microbial biofilms [24, 33]. However, if the etching effect is 
efficient enough in removing biofilms, then the plasma will probably be unsuited to 
treat living human tissue,  because the energy input could be too high.

17.1.6  Modification of Implant Surfaces by Cold Plasma 
Treatment

Generally, plasma can influence the chemical properties of metallic and ceramic 
implant materials [7, 34–36] and it leaves the surface without any chemical residues 
[37] or topographical changes [38].

Different studies about implant surface treatment with plasma demonstrated the 
ability of plasma to change the surface hydrophilicity, which was reflected in the 
change of the water contact angle (WCA). After plasma treatment, the WCA was 
reduced and formerly hydrophobic surfaces  (WCA > 90°) became hydrophilic or 
the hydrophilicity of hydrophilic surfaces was significantly increased [37, 39–41] 

A combination of plasma and mechanical treatment opens up new 
possibilities for the decontamination of implant surfaces.
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(Fig. 17.4). The formation of reversible polar groups (e.g., -OH, -COOH, -NH2) on 
the treated surface could be the cause of the increase in hydrophilization [42]. It was 
observed that the adhesion of cells was closely related to the WCA and the surface 
energy of a material. Hydrophilicity also supports primary adhesion of proteins, 
which in turn can stimulate the cell adhesion [43, 44]. Concurrently,  In vitro stud-
ies show that the decrease of WCA results in a cell-adhesive effect by plasma- 
treated surfaces [37, 39, 44–46]. As a result, the cells become flatter and cover 
more surface area of the substrate after CAP treatment (Fig. 17.5). This aspect is 
important after the insertion of dental implants. A rapid attachment of cells and 
complete covering of the surface with cells closes the access to the implant for bac-
teria more quickly. The “race for the surface” described by Gristina [47], which 

Fig. 17.4 Untreated implant surface (image left) and plasma-treated implant surface (image right) 
with water droplets for contact angle measurement. A plasma treatment leads to a reduced water- 
surface contact angle; the hydrophilicity of the implant surface increases

20µm 
untreated plasma

Fig. 17.5 Osteoblasts (osteosarcoma cells, MG63) after 1 h of cell cultivation on untreated rough 
titanium implant surface (image left) and mechanically-plasma-treated implant surface (image 
right). After plasma treatment, the cells cultivated on the titanium surface are much flatter and 
wider with more pronounced filopodia than cells on the untreated implant surface
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means the competition between bacteria and human cells directly after implanta-
tion, may be supported in favor of the cells by plasma.

A further specific application of CAP could be the surface functionalization of 
abutments. An abutment is the connecting part between an implant and the prosthetic 
restoration (i.e., the visible crown). It breaks through the oral mucosa to the mouth 
cavity and peri-implant soft tissue seals the abutment. Abutments often have to be 
adapted to the implant in the dental laboratory before being screwed on the implant 
and can be contaminated in the dental laboratory. Dirt as a foreign material inhibits 
the colonization of the abutment surface by cells of the surrounding tissue. Similar to 
the biofilm removal effect by CAP, plasma can also contribute to the cleaning of the 
surface of the abutment and thus promote wound healing after implantation [48]. 
Canullo et al. [49] showed that titanium abutments after CAP treatment with argon 
enhanced cell adhesion, even at the early stage of soft tissue healing, compared to the 
untreated control abutments and abutments treated with a steam pressure device. 
Here, plasma also seems to promote collagen fiber orientation [50]. In a clinically 
examined in-vivo study for 2 years it was documented that implants with CAP treated 
abutments exhibited a lower microbial load and significantly lower bone loss than the 
controls [51, 52]. Inflammatory response of soft tissue to plasma-treated abutments 
seems to be comparable to non-plasma-treated abutments [53].

17.1.7  Study About Possible Side Effect of CAP on Oral Mucosa

For an intraoral application of plasma, it is important to know that it does not cause 
irreversible damage to the oral mucosa during application. The plasma sources can 
differ significantly, especially regarding temperature or UV radiation. There is a 
lack of dental-relevant investigations. The in-vivo study of Liu et al. [54] also inves-
tigated its side effects on oral mucosa. In this study, three rabbits were treated per 
group and observed for a maximum of 5 days. The results suggested that no intense 
mucosal membrane irritation responses occurred [54]. However, possible carcino-
genic effects after an extended or repeated CAP application were not investigated. 
Since peri-implantitis is not a life-threatening disease, no treatment-related side 
effects with carcinogenic potential could be accepted. Thus, the question of safety 
of peri-implantitis with CAP treatment needs to be investigated and clarified before 
clinical introduction.

Ceramic and metallic implant surfaces can be hydrophilized by CAP, 
which leads to a cell-adhesive effect.

While the advantages of plasma are extensively described, studies to 
exclude possible undesirable side effects are rare and desirable to ensure 
patient´s and operators’ safety.

L. Jablonowski et al.



327

17.1.8  Conclusion and Outlook

The use of CAP in the field of implantology for the prevention and treatment of 
peri-implantitis is reasonable against the background of diverse effects of decon-
tamination, disinfection, surface functionalization and possibly wound-healing- 
stimulation properties of plasma. To functionalize the surfaces of implant materials 
with the aim of shortening the healing time [34, 36] or of optimizing wound healing 
in the abutment area [51] in daily practice in the foreseeable future, could be pos-
sible with suitable CAP devices. The oral use of plasma technology for peri-implant 
therapy as an additional method seems very promising [26]. However, further in-
vivo studies will be necessary [27] to ensure patient safety.
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18.1  Introduction

The subject of Orthodontics and Dentofacial Orthopedics deals with the prevention, 
diagnosis and treatment of abnormalities and malfunctions in the dentofacial and 
stomatognathic system as a specialty field of dentistry.

“Plasma orthodontics” is a new emerging area of Plasmamedicine which is why 
at present only few specific research results are available. However, the great poten-
tial of cold atmospheric pressure plasma (CAP) that has already been demonstrated 
in other dental disciplines, can also be applied to certain aspects of orthodontics.

Thanks to the invention of compact CAP-sources with hand-held units, 
Plasmamedicine was able to enter the field of dentistry. Modern plasmajet-devices 
create a fine, needle-shaped plasma-effluent of about 10 mm that is very suitable for 
treating intraoral areas and surfaces that are otherwise hard to reach.

Possible applications of CAP in orthodontics mainly derive from the following 
three properties of CAP:

 – antimicrobial efficacy
 – surface conditioning
 – wound healing
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18.2  Antimicrobial Efficacy

18.2.1  Special Aspects of Oral Hygiene during Orthodontic 
Treatment

Sufficient oral hygiene is one of the basic prerequisites for a successful orth-
odontic therapy. Although the orthodontic straightening of teeth can simplify oral 
hygiene in the long term by treating malocclusions such as crowding, there is an 
increased risk of plaque accumulation during the active treatment phase.

Physiologically, more than 700 different bacterial species can be detected in the 
oral cavity [1]. Orthodontic appliances change the balance of this ecosystem by 
providing altered physio-chemical conditions and an enlarged surface for the adhe-
sion of normal oral microflora [2].

Several studies have shown that fixed orthodontic treatment devices, such as 
multi-bracket-appliances, enhance the intraoral plaque retention [3, 4]. After 
1 month in situ, metal brackets are already multicolonized with different bacterial 
species, including cariogenic and periodontal pathogenic organisms [5].

Even removable orthodontic devices serve as reservoirs for microorganisms: 
after 1 week of intensive wearing time,  Streptococcus mutans colonies can be found 
on their acrylic baseplates [6].

These changes in the oral flora and the development of biofilms increase the risk 
of gum disease (gingivitis) and decalcifications of the tooth (white spots, caries) dur-
ing active orthodontic treatment [7–10], emphasizing the importance of thorough 
oral hygiene.

A study by Ren et al. [11] underlines the need for improved antimicrobial mea-
sures in orthodontic therapy: 15% of all orthodontic patients develop dental compli-
cations that require professional care. This high treatment demand generates costs 
of US$ 500 million a year in the US health care system, turning a deficient biofilm 
control in orthodontics into a problem of public health. The authors therefore con-
clude, that “Improved preventive measures and antimicrobial materials are urgently 
required to prevent biofilm-related complications of orthodontic treatment from 
overshadowing its functional and esthetic advantages.”

Plasmamedicine as a supporting and preventive measure would be a useful 
addition to current oral hygiene regimes.

18.2.2  CAP as an Effective Instrument for Oral Hygiene

CAP is a promising tool for antimicrobial use in the oral cavity, as it is effective in 
destroying biofilms and can disinfect tooth surfaces [12–14].

Studies have also demonstrated the antimicrobial efficacy of CAP on polymeth-
ylmethacrylate (PMMA) [15]—the basic material of many orthodontic treatment 
appliances—and on various metals, such as titanium [16, 17] (Fig. 18.1).

However, since oral infections are polymicrobial, (future) research needs to eval-
uate the effect of CAP on every pathogen involved in dental plaque formation [18].
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Cariogenic bacteria like Streptococcus mutans and Lactobacillus acidophilus are 
sensitive to CAP treatment. The great potential of CAP in caries prevention can be 
demonstrated with a 99.9999% cell reduction in less than 15 s of plasma irradiation 
for S. mutans and within 5 min for L. acidophilus [19].

Furthermore, Porphyromonas gingivalis, a periodontal pathogenic bacterium, 
can be deactivated using CAP [20].

CAP and its combination with other antiseptics are also a promising approach to 
control Candida albicans [21]. Orthodontic appliances are considered as a predispo-
sition to the proliferation of Candida albicans in the oral cavity [22], especially in 
immunosuppressed patients [23].

Using CAP as an antimicrobial agent in orthodontics could be beneficial in 
various areas and treatment phases: Since CAP remains in gaseous medium it 
can reach surfaces that are otherwise nearly inaccessible for proper hygiene 
(Fig. 18.2).

Fig. 18.1 Antimicrobial 
efficacy of CAP on 
removable orthodontic 
appliances. CAP is 
effective in destroying 
biofilms on acrylic 
baseplates and could 
therefore be a useful 
addition to current oral 
hygiene regimes. (Plasma 
source pictured: kinPen 
med, Neoplas tool, 
Greifswald, Germany)

Fig. 18.2 Antimicrobial 
efficacy of CAP on teeth 
and fixed orthodontic 
multi-bracket appliances. 
The needle-shaped 
plasma-effluent can reach 
surfaces that are otherwise 
hardly accessible for 
proper hygiene. (Plasma 
source pictured: kinPen 
med, Neoplas tool, 
Greifswald, Germany; 
Bracket system pictured: 
Damon, Ormco, Orange, 
USA)
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Most importantly, CAP has the ability to eliminate biofilms on teeth, gums and 
appliances without having toxic effects on the oral epithelium [14].

The application of CAP induces micromorphological changes of bacteria embed-
ded in biofilm. After plasma treatment microbial remnants, cells with perforated cell 
walls, and only a few intact microorganisms can be detected via electron microscopy. 
This observation suggests that CAP is suitable for the reduction of biofilms, yet no 
complete removal can be achieved [12]. Several studies therefore recommend CAP as 
a supporting antimicrobial agent, for example in connection with mechanical cleaning 
by air-water spray [16, 24]. The latter is available at every dentist’s treatment chair.

Since some biological effects of CAP are mediated by liquids, plasma-enhanced 
antimicrobial fluids are investigated intensively [25, 26]. There is evidence that plasma 
supports the benefits of common mouthwash-agents like chlorhexidine, octenidine 
and H2O2 and thus may reduce the amount needed [27]. Future research will have to 
focus on synergistic effects between CAP and established antimicrobial agents.

18.3  Surface Conditioning

18.3.1  Aspects of Orthodontic Adhesive Systems

Fixed “multibracket orthodontic appliances” function based on the principle of a 
metal wire that is ligated to the teeth via anchoring elements (“brackets”). The shape 
of the wire defines an ideal arch form on which the teeth align.

Nowadays, most brackets are bonded to the teeth using composite adhesives. 
This material by itself does not establish a chemical bond with enamel. The main 
force of bonding is provided by micromechanical interlocking at the enamel- 
adhesive interface. Hence, in order to create a micro-retentive surface for the com-
posite to infiltrate into, the enamel must be conditioned with acid, which causes 
porosities in the hard substance. Ever since the concept of etching enamel with 
orthophosphoric acid was introduced by Buonocore in 1955 [28], there has been 
discussion concerning the loss of enamel due to bonding and debonding of attach-
ments. Approximately 55.6 μm of enamel are lost as a result of etching, bracket 
placement and subsequent removal and “clean-up” [29]. Also, the permanent loss of 
fluoride-rich surface enamel may make teeth more susceptible to decalcification 
during orthodontic treatment [30]. For these reasons, the establishment of a high 
bond strength on non-etched enamel is a desirable scenario, yet also challenging—
due to the lack of mechanical interlocking on the limited surface area.

18.3.2  CAP for Improving Adhesive Properties

The application of CAP on enamel does not substantially change the surface mor-
phology, but increases the surface energy by deliberately incorporating free radi-
cals. This enhances the penetration ability allowing for a more intimate interaction 
of enamel and adhesive in a primary chemical bonding [31, 32]. CAP treatment also 
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increases the surface polarity, transforming enamel into a more hydrophilic state.  
The underlying mechanisms of this conditioning are under discussion: Possibly, the 
replacement of carbon groups with new oxygen-containing polar moieties is respon-
sible for increased hydrophilicity [33]. A better wettability may have a positive 
effect on the retention of hydrophilic adhesives [34]. Teixeira et al. [32] studied the 
influence of CAP on the mechanical properties of enamel and sealant bond strength. 
They report that CAP application to non-etched enamel significantly enhances the 
microshear bond strength, leading to values comparable with the etched control.

Therefore, owing to its ability to modify and functionalize surfaces without 
compromising the morphology, CAP presents the potential to optimize orth-
odontic bonding techniques [35, 36].

Further research—especially in vivo studies and clinical evaluation—will show 
if CAP can be considered as a valid substitute for conventional acid etching proce-
dures (Fig. 18.3).

Fig. 18.3 Surface 
conditioning with 
CAP. Bovine teeth 
embedded in resin are used 
in preliminary 
examinations to test the 
effect of CAP on the bond 
strength of orthodontic 
attachments. (Plasma 
source pictured: kinPen 
med, Neoplas tool, 
Greifswald, Germany)
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18.4  Wound Healing

Orthodontic therapy makes use of directional forces to achieve the desired tooth 
movements. Following Newton’s law of motion, forces are always accompanied by 
equal and opposite forces (actio = reactio). That is why, in order to avoid unwanted 
reciprocal movements, proper anchorage is necessary. Enossal anchorage provided 
by metallic implants, plate systems or mini-screws on the palate or alveolar process, 
are recently gaining widespread acceptance [37, 38]. After inserting temporary 
anchorage devices (TADs) the mucosal wound created may cause complications 
such as pain and swelling. Excellent oral hygiene and compliance are crucial to avoid 
infections of the surrounding area and consequent loss of the TAD [39, 40]. 
Nowadays, the use of special brushes and antibacterial mouthwash solutions are 
means of choice to prevent infections.  However, in a proof-of-principle-experiment 
Koban et al. [17] treated dental biofilms on titanium discs with plasma and found that 
CAP is more efficient than chlorhexidine-solution in vitro. In a comparable case—
the peri-implant inflammation of osseointegrated implants—the application of CAP 
showed good results in vivo [41]. Consequently, CAP could be a valuable support for 
disinfecting the mucosal junction [42] and antibacterial treatment of the TAD [16].

One more promising indication for intraoral CAP treatment is to promote gingi-
val tissue healing [43, 44]. Accidental mucosal traumas due to orthodontic appli-
ances and wires often lead to unscheduled consultations in the orthodontic practice 
[45]. Adding symptomatic relief to the simple elimination of the cause would 
increase patient satisfaction.

The further development of plasma devices to treat peri-implant mucositis 
and promote intraoral wound-healing may thus be helpful for both oral sur-
gery and orthodontics.
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19Perspectives in Dental Caries

Stefan Rupf

19.1  Dental Caries

Caries is an opportunistic infection disease that leads to the destruction of the hard 
substances and tissues of the teeth. Caries is also nowadays the most prevalent 
chronic disease one of the most important causes of acute pain and of tooth loss and 
[1]. As a result, caries is of great importance both epidemiologically and economi-
cally [2], although the prevalence as well as the severity of caries in temporary and 
permanent dentition are lower in many countries around the world [3, 4]. In addi-
tion, caries is the cause of infections in the jawbone and the facial area. The most 
important path of infection is the route through the toothpulp, which is connected to 
the bone via blood vessels and nerves [5].

Caries is characterized as a demineralization process [6] which is caused by 
microbial biofilms on the tooth surface [7, 8]. The most important source of acid 
formation in the biofilm is the metabolism of low molecular weight carbohydrates. 
If the biofilm has contact with the root cement or the dentin, the proteolytic activity 
of the microorganisms is important besides the demineralizing. The tooth surfaces 
are so-called “non-shedding surfaces” [9, 10]. As a result, the disease process is 
irreversible apart from initial stages [11]. Caries is not caused by only one bacterial 
species. In addition to the frequently mentioned mutans streptococci, many other 
acid-tolerant and acid-producing streptococci, lactobacilli and numerous other bac-
teria and fungi are also known to be involved in the caries process [12]. In all stages 
of the disease the caries process is influenced, however, by physiological remineral-
ization. It can proceed very fast, or stagnate over a long time [13]. The saliva as a 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_19&domain=pdf
mailto:stefan.rupf@uks.eu


340

protein-buffered, supersaturated mineral solution and the pellicle layer as a media-
tor between solid and liquid phase play are important in the demin-remin- processes 
[14, 15].

19.2  Caries Prevention and Caries Therapy

Caries preventive measures must be suitable to prevent the formation of lesions in 
the tooth hard substances or to stop a progression of initial carious defects. The most 
important intervention points are the regular reduction of biofilms by oral hygiene, 
the increase of the resistance of the tooth surfaces by fluorides, the closure of predi-
lection sites by sealing and a reduction in the availability of low molecular weight 
carbohydrates for the biofilm by nutritional counselling [16–18].

If caries lesions occur, the main goal is their arrest. Early clinical caries infec-
tions are treated by fluoridation and caries infiltration [19]. If open lesions occur in 
the dentin, filling therapy is necessary in most cases. By filling carious defects, the 
cariogenic biofilms are removed in the defect and the function of the tooth is 
restored. A large proportion of the fillings and sealants as well as nearly all infiltra-
tion treatments are based on materials containing methacrylates. These materials 
are adhesively attached to the enamel and dentin by microretention [20, 21].

19.3  Enamel and Dentin

Enamel and dentin are different in their composition. Enamel has a prismatic struc-
ture and consists of 96% of hydroxyapatite, water and a small amount of organic 
substances. The enamel surface displays amphiphilic characteristic. Dentin contains 
20% of water and 30% of organic matter. From the pulp to the enamel-dentin bor-
der, the dentin is traversed by fluid-filled tubules. Caused by intrapulpal pressure, a 
steady flow of fluid through the dentin is seen in the peripheral direction [22]. The 
mineralized dentin surrounding the tubules is stabilized by a collagen network. 
Dentin surfaces are hydrophilic [23]. The hydroxyapatites of the enamel and dentin 
are dissolved by the abrasion and by acid attack at a pH of less than 5.5. Above all 
fluorides can reduce the solubility of the tooth hard substances [9, 10, 24].

Differences of composition, structure and surface properties of tooth substances 
cause high demands on the coupling of restorative materials to tooth surfaces. The 
most effective method to ensure adhesion to enamel is the etching technique [25]. 
The use of phosphoric acid dissolves crystallites in the center and the base of the 
enamel prisms to different extents, resulting in a micro-structured surface. The 
attachment of hydrophobic filling materials to the hydrophilic dentin surface makes 
the application of adhesive systems necessary. The superficial dentin layer is etched 
by phosphoric or an organic acid and the collagen network is exposed as well as the 
dentinal tubules are opened. By means of hydrophilic components of the adhesive 
system, the crosslinking of the methacrylates with the collagen network is achieved 
and a surface suitable for the attachment of hydrophobic composite materials is 
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created. Typically, adhesive systems are classified as “etch-and-rinse” or “self-etch” 
adhesives. Depending on the adhesive system used, either phosphoric acid is used 
which is removed by rinsing after a few seconds or organic acids which remain on 
the tooth surface and are neutralized by reaction with the so called “smear layer”, a 
mixture of hydroxyapatite and organic tooth or microbial material. While “etch- 
and- rinse” systems provide predominantly safe adhesion to, the “self-etch” adhe-
sives exhibit lower enamel adhesion, but are advantageous for the dentin adhesion 
of composite materials [26].

19.4  Perspectives for the Use of Cold Atmospheric Plasmas 
for Caries Prevention and Caries Therapy

The use of cold atmospheric plasmas for caries therapy was proposed at the begin-
ning of the millennium [27, 28]. In recent years, numerous in vitro studies and some 
animal experiments have been carried out. In vivo studies are not available up to 
now [29]. Conclusions for the principal applicability of cold atmospheric plasmas 
for caries prevention and therapy can, however, be drawn from the available results 
of experimental studies.

19.5  Suface Disinfection and Biofilm Reduction

Microbial biofilms are the cause of the caries process [8]. The frequent oral hygiene 
is essential for biofilm control. Here, biofilms are removed from the tooth surfaces, 
initiation or progression of the disease process is prevented. The use of cold atmo-
spheric plasmas to support oral hygiene has not been discussed yet. However, the 
effect of cold plasmas against biofilms of cariogenic bacteria, Candida fungi and 
oral biofilms has already been successfully investigated [30–41] (Fig. 19.1).

Fig. 19.1 Transmission 
electron microscopic 
image of a biofilm 
consisting of oral bacteria 
on enamel. After plasma 
treatment (1 s/mm2, T: 
35 ºC) the microorganisms 
are disintegrated or 
bleached

19 Perspectives in Dental Caries



342

An established method of caries prevention is fissure sealing [17]. By this 
 technique the caries susceptible occlusal fissure is made inaccessible to biofilms. 
Typically, acid etching techniques and low-viscosity methacrylates are used. There 
are few data suggesting an improvement in enamel-sealant interaction. On the one 
hand, the wettability of the enamel is increased after plasma application [42, 43], on 
the other hand, potential-free plasmas do not yet appear optimal, because the fissure 
ground is not reached by the plasma. Investigations are, however, still pending.

19.6  Disinfection of Dentin

The dentin is destroyed during the caries process by microbial acids and enzymatic 
proteolysis.  Current therapeutic strategies promote the incomplete caries removal 
in order to reduce the trauma of the pulp through the preparation and at the same 
time to preserve a maximum of tooth substance. However, the leaving of caries 
softened infected dentin requires disinfecting measures accompanying filling 
 therapy. There are conclusions from in vitro studies and an ex vivo study that it is 
possible to clean dentin tubules infiltrated by bacteria using cold atmospheric 
plasma [36, 44, 45] (Fig. 19.2).

Fig. 19.2 Scanning 
electron microscopic 
micrograph of a bacterial 
biofilm after plasma 
treatment (1 s/mm2, T: 
35 ºC). The bacteria on the 
left side are disintegrated. 
On the right, untreated, 
side the bacteria appear 
intact
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19.7  Improvement of Tooth-Composite Interaction Zone 
(Fig. 19.3)

In various in vitro studies it was demonstrated that the tooth-composite interaction 
zone in the dentin is influenced by the treatment with cold atmospheric plasma. 
The adhesion force of the composite to the dentin was found to be increased [46, 
47]. At the same time, the tooth-composite interaction zone proved to be thicker 
after the application of cold atmospheric plasma [48, 49]. It was also demon-
strated, that cold atmospheric is a suitable method to increase the tensile-shear 
bond strength between endodontic post and composite [50]. In vivo studies have 
not been carried out so far.

a

b
Fig. 19.3 Dentin 
(D)-composite (C) 
interaction pattern. (a) 
Interaction zone (IZ) after 
artificial thermo-
mechanical aging, (b) 
Dentin (D)-composite (C) 
interaction zone (IZ) after 
additional plasma 
treatment. The tooth-
composite interaction zone 
appears to be more 
pronounced and more 
intensively interlaced
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19.8  Reaction of the Pulp

Only sparse data are available in this field. In a histological study in rat molars, no 
influence of the plasma treatment could be determined in addition to preparation 
and adhesive filling therapy [51].

Problems for the application of cold atmospheric plasma for caries prevention 
and caries therapy

 – Slim fissures and narrow cavities are challenging for potential-free atmospheric 
plasmas. In particular, the most interesting bottom of fissures or cavities is diffi-
cult to treat.

 – The permanent presence of high humidity in the oral cavity and the salivary flow 
are influencing the treatment effectivity. In dental practice saliva, aerosols and 
dusts are permanently removed from the operation field by suction. In dental 
practice saliva, aerosols and dusts are permanently removed from the operation 
field by suction. Clinical data or appropriate simulations are missing up to date.

 – The teeth have surface areas that are difficult to reach using cold atmospheric 
plasma jets, e.g. interdental spaces or the gingival crevice. Instrumental modifi-
cations are required here.

 Conclusion
Fundamental questions are still the subject of intensive research in the field of 
caries prevention and therapy supported by cold atmospheric plasma. From 
today’s perspective, cold atmospheric plasma provides promising potential as an 
adjunctive measure for the disinfection of the carious dentin and for the improve-
ment of the tooth-composite filling interaction zone.
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20.1  Introduction

The modern surgery of the twenty-first century has developed steadily, especially in 
tumour surgery. The use of multimodal therapy concepts, in particular, led to an 
ever-increasing radicalisation of the surgical resection of the tumours. Nevertheless, 
there are limitations in the surgical radicality of resection. This is true, for example, 
in the surgery of pancreatic carcinoma and the surgical treatment of peritoneal car-
cinomatosis. Remaining tumour cells are the cause of local tumour recurrence and 
the poor prognosis. Plasma medicine offers great opportunities in the future to fur-
ther increase the radicality in the area of these residual micro-tumour cell clusters. 
This is noteworthy because the application of cold atmospheric plasma appears to 
produce very low local side effects and hardly any systemic side effects according 
to the latest results. Foreign materials (e.g., osteosynthesis material, joint replace-
ment and hernia meshes) are increasingly implanted in all surgical disciplines. Here, 
in the future, modern plasma medicine can offer a therapeutic option for the preven-
tion and treatment of bacterial infections and biofilms on the implants while simul-
taneously improving wound healing. From a surgical perspective, the application of 
thermal plasmas must be distinguished from the use of cold plasmas. While hot 
plasma has been used safely in the clinic for more than 40 years as argon plasma 
coagulation (APC), especially in endoscopy for cutting and coagulation, the inves-
tigation of the application of cold, and thus tissue-compatible, plasma is still largely 
at the stage of basic research. On the other hand, the plasma source type also plays 
an important role. While DBD plasmas offer advantages in extracorporeal and 
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dermatological applications due to the larger treatment area, a high degree of preci-
sion is required intraoperatively. Therefore, it seems sensible to resort to jet plasmas 
for the surgical application in the body.

The following overview provides a look at the practical application possibilities 
of cold atmospheric plasma in modern surgery.

20.1.1  Three possible applications of cold atmospheric plasma 
in modern surgery:

First: Direct primary tissue treatment by the surgeon as a supplement to the scalpel 
or electrometer or for direct haemostasis on tissue. Here, non-thermal plasma 
sources are used on the tissue surface in the “non-contact process”. This results in 
significantly less necrosis formation and more possibilities for targeted local 
application.

Second: The supplemental treatment of tissue with non-thermal plasma after 
completing the actual surgical tumour resection to increase local radicality without 
negatively affecting the healthy tissue. By producing apoptosis and avoiding necro-
sis, the adverse local tissue inflammation is considerably reduced, and the surround-
ing healthy tissue is spared.

Third: Ex vivo or in vivo treatment of surgical implants by cold plasma for the 
treatment of biofilms and bacterial infections as well as for surface modification is 
an important area of application in plasma medicine.

20.2  Surgical Applications of Non-Thermal Plasmas

There are several interesting approaches that make a surgical application of non- 
thermal plasma conceivable. Due to the different plasma sources and an as yet non- 
standardised nomenclature, many statements can initially only be made for 
individual devices. Here, research is needed in studies and analyses to characterise 
the plasmas and make them comparable to each other. An excerpt of current research 
on possible applications of non-thermal plasma in surgery is given below.

20.2.1  Possible Applications in Tumour Surgery

The use of non-thermal plasmas in multimodal tumour surgery as a fourth treat-
ment option alongside chemotherapy and irradiation offers great opportunities. 
Non- thermal, tissue-compatible plasma takes effect via the reactive oxygen and 
nitrogen species (ROS and RNA) formed, UV radiation and electric fields. Here, 
it preferentially induces apoptosis in tumour cells and acts very precisely at the 
site of its application when using jet plasmas. Interestingly, the plasma effect can 
be achieved both by direct application and by the indirect application via plasma-
treated fluids.
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Fundamental research has already laid a good foundation for the development of 
targeted, surgically controlled tumour treatment with non-thermal plasma in humans:

 1. The CE-certified plasma jet kINPen Med showed a penetration depth of approx. 
60 μm in tumour tissue depending on the application duration [1]. At the same 
time, the intra-abdominal, serosa-coated organs (especially the intestine) exhib-
ited high compatibility in vivo experiments in murines compared to directly- 
applied plasma [2].

 2. Healthy tissue tolerates the non-thermal plasma considerably better than malig-
nant degenerative tissue. In the case of targeted dosage of the non-thermal plasma 
with a correspondingly lowered application time, cell death is induced by apop-
tosis in tumour cells, and necrosis formation with a corresponding inflammation 
reaction can be avoided.

 3. In a combined application of chemotherapy and plasma, synergistic effects could 
be demonstrated, which on the one hand, significantly reduce the systemic side 
effects of the chemotherapeutic agent via a dose adjustment, and on the other 
hand, could additionally protect the healthy tissue locally [3].

In the supplementary surgical treatment of gastrointestinal carcinomas,  two very 
promising therapeutic approaches are obtained.

 1. Local treatment of resection limits to increase (surgical) radicality, e.g., during 
the resection of pancreatic carcinomas in the retroperitoneal space and around 
the large visceral vessels (e.g., arteria mesenterica superior and arteria hepat-
ica) or after liver resections.

 2. Application of indirect plasma in fluids for flushing the abdomen after surgical 
resection of an extensive peritoneal carcinomatosis in order to also increase the 
radicality of microscopic tumour cell residues and scattered tumour cells with 
high systemic and local compatibility.

20.2.2  Possible Applications for Blood Clotting

Surgical measures are associated with tissue trauma and bleeding. APC has been 
used for many years in surgery for haemostasis [4]. Although the process is fast, 
simple, and low in side effects, it is associated with local thermal tissue damage. 
Because of its wound healing-promoting quality, the use of non-thermal plasmas in 
vessel and organ injury presents a possible field of application. Fridman et  al. 
showed that plasma application leads to painless blood coagulation without tissue 
damage. A treatment period of 15 s stopped the bleeding of a wound made to the 
vena saphena magna in the murine animal experiment [5]. A 30 s lasting applica-
tion resulted in a stable haemostasis on the human spleen [6]. In both cases, an 
FE-DBD plasma was used. As a cause, Fridman et al. postulated that body’s own 
blood coagulation was possibly supported by a physical fibrinogen activation. 
However, the exact mechanism of action is still unclear. In addition, the direct 
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activation of platelets seems to support coagulation. While APC acts immediately 
and is very effective in the coagulation cascade and is independent of any anticoagu-
lants or gene defects, non-thermal plasma is not yet conceivable as an intraoperative 
alternative because of the comparatively long latency until the blood coagulation 
occurs and the still unclear mode of action. The painless and simple application 
without induction of necrosis justifies further research initiatives in this field.

Key point 1
NTP leads to tissue-protective, scar-free blood coagulation by supporting the body’s 
own coagulation.

20.2.3  Implants in Surgery

The implantation of foreign material is always a risk for the patient. Possible com-
plications include, in particular, immunological defence reactions, accelerated 
material wear as well as bacterial colonisation. In particular, the bacterial colonisa-
tion of synthetic material is a major problem, since the systemic antibiotic therapy 
is usually only inadequately effective and a haematogenic spread of the pathogens 
to colonise other organs can lead to sepsis formation with a fatal outcome. This usu-
ally necessitates the disassembly of the implant. Revision interventions are accom-
panied by significantly higher tissue trauma. In addition to the individual burden, 
the economic impact is a considerable burden on the social systems [7, 8].

For these reasons, an improvement in biocompatibility is a desirable goal of 
implantology. Biocompatibility describes a state in which the implant is accepted by 
the body without an immune reaction and is largely integrated into the tissue. This 
can positively influence the healing process. In order to ensure high biocompatibil-
ity, the ideal implant has to satisfy the following two requirements in addition to 
corresponding biomechanical stability and function: First, it must be integrated rap-
idly into the surrounding physiological tissue without any major tissue reaction, and 
second, the surface texture of the material should prevent colonisation by patho-
genic germs. The application of non-thermal plasmas in numerous studies shows a 
significant antimicrobial effect on biofilms [9] and ensures a complex modification 
of the implant surface [10, 11]. In addition, non-thermal plasma treatment enables a 
prior coating of the implants with heatable proteins or medication [12]. This way, 
the biocompatibility can also be significantly improved.

20.2.3.1  Material Modification in Vascular Surgery
In vascular surgery, stents and bypasses are used for arterial recanalisation in vascu-
lar occlusions. As a bypass, an endogenous vein or a vascular prosthesis made of 
synthetic material can be selected. A feared complication is the infection of the 
bypass, as septic seam breakage can result in bleeding which is difficult to control. 
Martins et al. showed that the hydrophilicity could be significantly improved by 
plasma treatment of polycaprolactone while maintaining the mechanical properties 
[13]. Based on this, de Valence et al. showed an increased affinity of muscle cells to 
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the implant in vitro, which is expected to allow a faster engraftment of the bypass in 
vivo. Furthermore, it was shown in the animal model that an existing plasma treat-
ment significantly improves subsequent vascularisation in vivo [14]. Chong et al. 
demonstrated a faster and more uniform endothelialisation of synthetic bypasses 
after plasma treatment in vitro [15]. Corresponding results were confirmed by Loya 
et  al. for metal stents used in cardiology [16]. The advantage of rapid, uniform 
endothelialisation of vascular implants is the reduction of thrombosis risk with the 
correspondingly shorter necessity of medicinal anticoagulation. Plasma vacuum 
chambers were used in all three studies, and although the last two studies were only 
carried out in static in vitro systems, the results are extremely promising and deserve 
special attention in the future.

Key point 2
According to initial studies, NTP treatment accelerates the incorporation of syn-
thetic bypass materials and reduces the risk of postoperative complications such as 
infections and thromboses.

20.2.3.2  Material Modification in Bone Surgery
In traumatology during the operative treatment of a fracture, as well as in orthopae-
dics during the implantation of a replacement joint prosthesis, the use of materials 
made of titanium plays a major role. Seon et al. showed a higher hydrophilicity on 
titanium implants in vitro after non-thermal plasma treatment, which resulted, among 
other things, in improved cell adhesion and cell proliferation [17]. Hauser et al. con-
firm the increased hydrophilicity in the modification in their experiments in a low-
temperature high-vacuum plasma reactor and could also detect a significantly more 
homogeneous coating of collagen on treated titanium implants [18]. Hydroxyapatite 
coated, plasma-treated titanium implants, as described by Tan et al. in vitro, promote 
bone mineralisation for up to 3 weeks [19]. Ferraz et al., however, could not demon-
strate a superiority of non-thermal plasma treated titanium implants in bone miner-
alisation in vivo [20]. However, the early phase of engraftment remained unobserved 
so that the situation in this clinically particularly critical phase requires further 
research. Testrich et al. investigated the durability of the implant modification and 
found that even after 360 days, titanium implants coated with ethylenediamine poly-
merised via non-thermal plasmas had a 55% higher affinity for cells [21], which 
could significantly improve the engraftment of the implants. In order to prevent loos-
ening of implants (e.g., hip joint endoprostheses), bone cement is often used for 
anchoring in the bone. In the investigation of the influence of plasma-mediated sur-
face modification, Seker et al. showed that no change in the interaction of implant 
surfaces and bone cement could be demonstrated by a previous plasma treatment 
[22] so that no negative effects in clinical use are to be expected in this regard.

Key point 3
NTP treatment of titanium implants leads to stable, long-lasting modifications of 
the surface, which should result in improved engraftment by increasing the hydro-
philicity and collagen affinity.
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20.2.4  Further Possible Applications in Traumatology/
Orthopaedics

In contrast to joint replacement, the osteosynthesis material should not frequently 
be removed after complete fracture healing. A too close interaction between bone 
tissue and metal is a hindrance and causes damage upon material removal. In 
addition, screws can break, so that the channel must be drilled to recover it. In 
these screw channels, non-thermal plasma could produce positive, bone stabilis-
ing effects via its proliferation-inducing effect. Thus, Steinbeck et al. showed that 
the direct plasma-cell interaction in vitro results in an increased rate of division as 
well as an accelerated differentiation of osteoblasts and chondroblasts [23]. The 
proliferation and differentiation of the chondroblasts here is of particular interest. 
Excessive sports, poor posture and being overweight increase wear-related arthro-
sis significantly in old age. The development of an arthrosis is also facilitated by 
fractures with joint involvement since defects of the cartilage surface can only be 
treated unsatisfactorily with the current methods which can necessitate a joint 
replacement in the long term. At this point, there is an enormous need for research. 
The use of non-thermal plasma for tissue healing and differentiation could play a 
key role here, especially since an arthroscopically supported plasma application 
could be implemented in modern, minimally invasive surgery. In addition to 
trauma, destructive bone diseases such as osteoporosis or tumour metastases can 
also be responsible for fractures. Although tumour treatment is discussed else-
where, the possibility is briefly mentioned here in the context of the surgical sta-
bilisation of metastatically fractured vertebral bodies by the intraoperative use of 
non-thermal plasma to increase the radicality and at the same time promoting 
bone healing.

A traumatological emergency is presented by the open fracture. Through con-
tact with pathogens of the outer world, the fracture is highly susceptible to infec-
tions. The mostly extensive soft tissue damage requires a large-area wound 
debridement and, in particularly severe cases, amputation is the only option. The 
reduction of the tissue surface to be debrided by treatment with non-thermal 
plasma promotes wound healing. In addition, the antibacterial effect of non-ther-
mal plasma is useful for reducing the bacterial load [5]. Thus, it is conceivable in 
the future that an early plasma treatment, possibly already carried out at the scene 
of the accident, could be used to reduce the pathogen load and activate the endog-
enous tissue. These effects also qualify non-thermal plasma for the acute treat-
ment of burns. Lee et  al. showed an accelerated healing of burn wounds after 
plasma application by the promotion of an anti-inflammatory immune status in 
second-degree burns [24].

Key point 4
The antibacterial, wound healing-promoting effect and its easy, painless application 
make NTP a promising tool in acute and field surgery.
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20.3  Outlook

Plasma medicine represents a growing, interdisciplinary field of medicine, in which 
physicochemical properties are to be exploited in a biomedical context. Surgery as 
a historically innovative special discipline [25] offers numerous application possi-
bilities for plasma medicine and can lead to wider acceptance in the future. In order 
to achieve this, engineers, scientists and doctors must be in active dialogue and 
work in an application-oriented fashion. In addition to the development of appropri-
ate control elements, the tasks of plasma medical research for the development of 
practical applications of non-thermal plasma in future clinical-operational routine 
include, in particular, the creation of risk profiles for the whole organism.

Tasks for plasma medical research:

 1. Development of more convenient, sterilisable control elements with sufficiently 
wide jet plasma radiation of 5–10 mm for the direct plasma application.

 2. Development and characterisation of ideal carrier fluids for indirect plasma 
application.

 3. Extension of the design of endoscopic plasma applicators.
 4. Creation of application-oriented risk profiles in animal experiments and long- 

term application studies.
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21.1  Introduction

For many years, hot Argon gas plasma devices are in use in surgery, e.g. for the 
resection of soft tissues of large surface areas with minimal bleeding. Hemostasis 
with hot plasma is always associated with a profound black carbonization and there-
fore is unsuitable for aesthetic skin treatments. What is more interesting for aes-
thetic surgery, are the hand-held devices that can produce cold plasma at a normal 
temperature and atmospheric pressure. CAP-plasma does not cause carbonization, 
making it not suitable for clinically relevant hemostasis but it has antimicrobial and 
anti-inflammatory properties and can also accelerate the healing of superficial 
wounds through the promotion of cell proliferation [1–4]. The introduction of 
approved medical devices which generate cold plasma opened the doors for its aes-
thetic and surgical applications in 2013.

Anyhow, the indications of aesthetic medicine are elective, emotional and lack-
ing medical necessity. This means that an even more careful assessment of the 
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risk-benefit ratio should be carried out in aesthetic plasma medicine as well. Current 
published studies give cold physical plasma a mainly adjuvant role or a rescue func-
tion for aesthetic medicine at risk, where the medical indication is obvious.

21.2  Indication Area: Skin Lesions with Risk of Infection

The proven efficacy of physical plasma against bacteria, fungi, viruses and also 
parasites defines its indication area. The use of ablative lasers to remove larger areas 
of the skin compromises it. These lasers are used with the intention to smoothen and 
tighten the skin’s appearance and to improve the blood flow which in turn improves 
the tissue regeneration (facial rejuvenation). In the aesthetic facial surgery, it is indi-
cated to use the physical plasma as an infection prophylaxis when laser skin resur-
facing is combined with a face lift (Fig. 21.1a–d). This is because the surgery-induced 
compromised immunity in the initial phases is due to the insufficient blood flow. It 
is therefore recommended to reduce the exposure time to a minimum until full tis-
sue regeneration is reached by stimulated reepithelialization. This process is 
improved by using ointments with the active substances like Betulin [5].

This adjuvant role of physical plasma turns to a clinical induced procedure when 
these wounds are already contaminated. Ablative laser treatment at a certain skin 
depth induces a superficial second-degree burn. When it is done over a large skin 
area, it causes a risk of surgical site infection which mainly occurs from the resident 
flora [6]. According to the same publication, when performing laser skin resurfac-
ing, the infection rates of non-fractionated laser were at 1.1% [7], 4.3% [8] and even 
7.6% [9]. With the fractionated lasers the rates are less by 0.3–2.0% [10]. As patho-
gens there are predominately Herpes simplex-1 [11], followed by P. aeruginosa, S. 

a b c d

Fig. 21.1 Patient with the diagnosis pre-aged face and a typical indication for physical plasma as 
an infection prophylaxis after an extensive aesthetic surgery combining a face lift with laser skin 
resurfacing, (a) Pre-operative situation, (b) Post-operative situation 3 days after intervention: sur-
gical face lift and laser skin resurfacing with a CO2-Laser. The laser treated periorabital and peri-
oral regions show more profound lesions, (c) Prophylaxis of surgical site infection in combination 
with topical therapy to stimulate the repithelialisation, (d) Situation 4 weeks post-operatively [21]
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aureus and S. epidermidis. Candida species are rarely seen as cause of wound infec-
tions. Postoperatively, a higher infection risk of S. aureus and P. aeruginosa would 
be seen, when closed dressings are used excessively [10]. Furthermore, infections 
could be caused by multi drug resistent bacteria, E. cloacae, Streptococci (severe 
progressive fasciitis) and also non-tuberculosis Mycobacteria [12–14].

After dermabrasio, e.g. to remove mutilating scars or to improve and smoothen 
the skin texture in the case of perioral lines (smokers’ lines), similar observations 
and clinical risks are seen. Chemical peeling is often used to stimulate tissue regen-
eration. It could, however, pose a risk of contamination, especially when using 
closed dressings after applying the chemical peel on the desired areas. Such dress-
ings could cause tissue destruction and possibly infection.

In the case of large surface epithelial lesions, decontamination and contamina-
tion prophylaxis are clinically indicated, for example after laser ablation, dermabra-
sio or chemical peeling.

21.3  Indication Area: Surgical Site Infections  
and Chronic Wounds

Extensive injuries can occur during an aesthetic surgery and not only through facial 
plastic surgeries but also extensive abdominoplasties, fat apron surgeries, liposuc-
tion and reduction plastic surgeries of the neck and extremities [15, 16]. Here, an 
imminent risk of wound infection is obvious. More commonly infections are caused 
by botulinum toxin for mimic muscle management or by implanted fillers. Fillers 
act to level out superficial tissue defects and to intensify contouring from an aes-
thetic point of view [17, 18]. When injecting fillers, e.g. for wrinkle treatment or for 
profiling, it can lead to a rejection of implanted materials or introduce pathogens 
into the tissues (Fig. 21.2a, b). Commonly, it is the combination of both, causing 
severe wounds that are difficult to treat. Physical plasma promotes wound healing, 
through its antimicrobial properties and stimulation of tissue proliferation. 
Achieving a secure wound closure can take several months and yet might not meet 
the desired aesthetic goals.

a b

Fig. 21.2 Exemplary patient with the diagnosis tissue infection close to the skin surface after a 
filler treatment for profile contouring which is the perfect task for physical plasma in order to 
decontaminate the wound and promote healing. (a) Initial situation, (b) Healing result after several 
weeks of cold plasma therapy (kINPen MED®, neoplas tools, Germany); the small lesion on the 
left side was left untreated to allow the drainage of wound secretion
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21.4  Research Field: Improving Scars

Plasma applications are still in the development phase, when going beyond the adju-
vant aesthetic plasma medicine. Case studies showed that an adjuvant physical plasma 
treatment of skin lesions after laser ablation, clearly leads to healing with aesthetically 
pleasing results and ideally with a normal skin complexion [19]. Three short plasma 
treatments on three consecutive days after an ablative laser treatment led to an improved 
aesthetic result in an intra individual comparison, when compared to a longer plasma 
treatment immediately after laser exposure. A single short plasma treatment on a laser 
skin lesion would disturb the healing process instead of promoting it (Fig. 21.3a, b). 
With regard to the literature on the promotion of wound healing, it is evident that a new 
indication area is emerging as an adjuvant measure to laser therapy.

21.5  Research Field: Active Ingredients Entering Skin

Current research is showing that physical plasma promotes the entry of chemical 
substances through the skin barrier and directly into the underlying tissues. A num-
ber of compounds can produce aesthetic results through plasma-assisted infiltration 

a

b

Fig. 21.3 (a) Using a CO2 
Laser (Ultraplus, Lumenis, 
Germany) four skin lesions 
were placed on the forearm 
of a volunteer (single shot 
20 W, 100 mJ, 200 pulses/
min). Application of cold 
plasma (kINPen MED®, 
neoplas tools, Germany) 
(A) once for 10 s, (B) once 
for 30 s, (C) left untreated, 
(D) on three consecutive 
days for 10 s each. (b) 
After 10 days lesions A, B 
and D were less prominent 
than the untreated lesion 
(C). [20]; figure is 
reprinted with the kind 
permission of American 
Journal of Cosmetic 
Surgery)
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into the tissues. Figure  21.1c is a clinical example, showing how contamination 
prophylaxis using physical plasma can improve the infiltration of the active sub-
stance, in this case, Betulin, hence accelerating the re-epithelization of skin lesions. 
Despite having scientific foundations already laid for this treatment, there is a lack 
of clinical studies confirming its therapeutic effect.

Physical plasma increases the permeability of the skin to chemical substances 
and improve their penetration deeper into the tissues which can be used in aesthetic 
medicine.

21.6  Conceptual Idea: Skin Tightening

Moving away from the clinical practice, physical plasma can be solely used to 
smoothen and tighten the skin. Laboratory experiments demonstrated the tightening 
of the surface of a skin biopsy after a 10-min plasma exposure (Fig. 21.4a, b).

a

b

Fig. 21.4 Two biopsies 
from adjacent areas of the 
skin after immediate 
removal  
(ex vivo) (a) The specimen 
was left for 10 min without 
a treatment or (b) after 
plasma treatment (kINPen 
MED®, neoplas tools, 
Germany). In comparison 
with HE-stained specimens 
(K. Evert, Institute of 
Pathology, University of 
Greifswald) a thinning and 
increase in the staining of 
the epithelium, a flattening 
of the upper and lower 
surfaces and removal of 
plaques is obvious were 
seen ([22]; Kindly 
permitted by K. Evert, 
Institute of Pathology, 
Greifswald University)
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The interpretation of this finding is difficult because the biological reactions of 
an isolated skin sample are less predictable and mainly originate from the physical 
and chemical effects. In the literature, there are no clinical studies on the matter. 
Industrial statements from medical and non-medical plasma users or plasma device 
producers are not substantiated.

21.7  Outcome Research

Regarding risk assessment, it is important to take into consideration the lack of 
long-term experience in clinical plasma medicine, especially in its aesthetic appli-
cations. This applies to the stability of results achieved as well as a long-term 
absence of complex side effects. When it comes to the penetration of active sub-
stances into the skin, side effects from several sources are to be considered during 
in the monitoring phase. On one side, there are active substances which reach deeper 
tissue layers and on the other side, there is the effect of cold plasma itself. Currently, 
there is a small number of long-term studies regarding the stability of the aesthetic 
effects and absence of side effects, e.g. not at least the carcinogenesis risk [19].

21.8  Summary

The clinical application of cold plasma in aesthetic medicine is at present adjuvant 
and adds to the laser and scalpel to prevent or treat surgical site infections or chronic 
wounds as the nearly worst case in procedures without medical necessity. The com-
bination of cold physical plasma with application of topical therapy is promising, 
especially since it improves the penetration ability of medicines and having better 
results. The plasma’s sole mechanism of action could be used in the future to treat 
wrinkles but for this highly elective procedure without a medical indication to be 
established, studies are still at the beginning of the road.
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22Perspective in Pigmentation Disorders

Manish Adhikari, Anser Ali, Nagendra Kumar Kaushik, 
and Eun Ha Choi

22.1  Introduction

Pigmentation in all mammals including humans primarily determined by the distri-
bution of melanin in body, which shows remarkable diversity in human population 
globally and is the most variable phenotype in human [1]. Pheomelanin is the typi-
cal biological form of melanin, a yellow–red pigment, whereas eumelanin is a 
brown-black pigment. Enzymes such as tyrosinase-related protein 1 and 2 regulate 
eumelanogenesis [2, 3]. Many signaling pathways help to produce melanin in cells, 
amongst which the cyclic adenosine monophosphate (cAMP) pathway is most stud-
ied [4, 5]. The cAMP stimulation results in the up-regulation of microphthalmia- 
associated transcription factor (MITF), tyrosinase, tyrosinase-related proteins-1 
(Trp1) and tyrosinase-related proteins-2 (Trp2) [6–8]. Apart from haemoglobin, 
melanin is the main contributor to pigmentation in mammals [9]. Various genetic 
studies revealed that the average genetic variation due to differences between major 
continental groups is only 10–15% of the total genetic variation. Pigmentation in 
human is due to the presence of a complex group of biopolymers known as melanin 
which synthesized and stored in specialized cells known as melanocytes [10]. The 
variation in this trait is because of the natural selection but till date the evolutionary 
factors is not properly understood. Therefore, there is much advances in our knowl-
edge about the pigmentary system, mainly using the animal models, and we corre-
late this it with studying pigmentation disorders in humans. The presence of melanin 
in melanocytes contributes in skin color and its deficiency results in skin 
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depigmentation disorder called as vitiligo. The repigmentation begins usually at the 
hair follicle opening in the skin and covers the whole skin area which is depig-
mented by vitiligo [11]. The follicular repigmentation of depigmented skin after 
treatment of external stimuli such as narrow band UVB (ultraviolet B) has been 
reported. The follicular repigmentation is characterized by the repigmentation of an 
unpigmented skin area [11–13]. Therefore, melanogenic stimuli may prove useful 
in stimulating the melanocytes for melanin synthesis which is important for tan skin 
color, black hair color and re-pigmentation of unpigmented skin area caused by 
imbalanced pigmentation such as vitiligo.

Melanin has a photo-screening ability, therefore provides skin photo-protection, 
prevents skin injury, absorbs and converts harmful UV-radiations into harmless heat 
[14]. Despite its advantages, hyper-pigmentations can cause skin problems such as 
age spots, melanoma, freckles, DNA damage, gene mutation, cancer and impaired 
immune system [15]. To avoid such abnormalities, reducing the melanin production 
could be an important.

Plasma is essentially an ionized gas commonly employed in physical sciences 
[16]. Plasma as an active ionized medium contain free radicals, free charges, excited 
molecules and energetic photons which can induce processes usually obtained through 
radiotherapy or chemical treatment [15]. When applied on tissue or cells, plasma is 
able to catalyze biochemical activities and regulate cellular processes such as differ-
entiation, proliferation and apoptosis [17]. These biological effects of non-thermal 
plasma are due to augment of the reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) [18]. Nonthermal plasma technology is fast growing due to its low 
temperature and vibrant composition. Applications of nonthermal plasma are reported 
in diabetic control, dental care, blood coagulation, cancer treatment and wound heal-
ing improvement ([16, 19–21]; Fridman et al. 2006). However, very little is known 
about the effect of nonthermal plasma on melanogenesis and so far only two reports 
are published. In first report, Kim et al. showed that plasma treatment to natural com-
pound called naringin can increase its tyrosinase inhibition activity which is important 
enzyme required for melanin synthesis. Later, Ali et al. [22], synthesized new eugenol 
derivatives (ED) and reported new perspective on plasma treated compounds by regu-
lating cellular melanogenesis with possibility to treat hypopigmentation and related 
skin disorders in future. In this book chapter, we review the biochemical and hor-
monal control of pigmentation that have been put forward to protect against UV radia-
tion of sun and finally, in the last segment we review about the current state of our 
knowledge about disorders of hyperpigmentation and hypopigmentation among 
humans and its treatment using surgical, hormonal, immunological, antioxidative and 
cold atmospheric plasma treatment compounds.

22.2  Biology of Pigment Cells

Distribution and regulation of melanin pigment is different in the skin, hair and iris 
in humans. In the skin, the melanocytes present in the basal layer of the epidermis 
which transfer melanosomes to adjacent keratinocytes through their specialized 
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dendritic structures, and the keratinocytes eventually migrate to the upper layers of 
the epidermis [23]. Melanosomes are aggregated over the nucleus of keratinocytes 
and protect the upper skin against ultraviolet radiation. In hair follicle, melanin 
produced at hair bulb. The melanin containing melanocytes transfer Melanosomes 
to precortical keratinocytes that migrate to form pigmented hair shaft [24]. 
Intercellular transfer of organelles is a key feature of body pigmentation [25]. The 
melanin formation in skin cells is continuous throughout the life and changed 
according to the climatic conditions and geographical location but melanogenesis in 
hair is only takes place during anagen phase of hair growth cycle that lasts on 
 average 3–5  years. There are various other differences also which related to 
 morphology of melanocytes and the microenvironment in which melanogenesis 
takes place [24]. Tobin and Paus 2001; Slominski et al. 2005). Dermal fibroblast 
plays a very key role in melanocyte pigmentation [26]. vitilEye color is determined 
by variations in a person’s genes and is directly related to the amount and quality of 
melanin in the front layers of the iris. The gene responsible for eye color is OCA2 
and HERC2 which is present on the region on chromosome 15. The OCA2 gene 
produced P protein which involved in maturation of Melanosomes and play a  crucial 
role in the amount and quality of melanin that is present in the iris. HERC2 gene 
also known as intron 86 contains a segment of DNA that controls the expression of 
the OCA2 gene, turning it on or off as needed. Some other genes also play role in 
determining eye color include ASIP, IRF4, SLC24A4, SLC24A5, SLC45A2, 
TPCN2, TYR, and TYRP1.

The melanin act as concentrating hormone and work as an integrative peptide 
driving motivated behavior [27]. Skin color depends upon the size, number, 
shape, and distribution of melanosomes, as well as the chemical nature (level of 
activity) of their melanin content. Dermatologist differentiate skin types into six 
categories according to the level of sensitivity of skin due to the melanin  presence 
(Table 22.1).

Both skin types have the same type of pigment cells or melanocytes. But, the 
pigment granules produced by melanocytes in dark pigmented skin are larger and 
more in amount as compared to those in light pigmented skin. When transported to 
epidermal cells (keratinocytes), pigment granules in dark skin (left side) persist 
inside the cells and many of them move towards the skin surface and some of the 

Table 22.1 Types of skin suggested by the dermatologists for common use

Type of skin Brief description
Type 1 Very fair skin with red or blonde hairs. Always burns, never tans, mostly northern 

European peoples like Norway, Sweden and Finland
Type 2 Fair skin, burns very easily but tans minimally
Type 3 Sometimes burns but tans gradually
Type 4 Minimum burning and always tans. White with medium pigmentation
Type 5 Seldom burns, always tans. Medium to heavy pigmentation
Type 6 Never burns but tans very quickly. African Americans, Africans, or dark-skinned 

individuals with heavy pigmentation
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granules “escape” into the spaces outside the cells. In contrast in lighter skin (right 
side) the small granules tend to make cluster over the top of the nucleus (‘nuclear 
cap’) where their function is to protect the DNA from sun damage. Only very few 
of them able to move outer skin cell layers and hence look like light pigment skin 
(Fig. 22.1).

22.3  Biochemical and Hormonal Control of Pigmentation

The embellishment of melanin pigment in the epidermal melanocyte primarily 
depends on the availability of three substances: -(a) the enzyme tyrosinase -a 
copper- protein complex attached to ultramicroscopic particles in the cytoplasm of 
the melanocyte; (b) a suitable substrate-usually tyrosine or DOPA; (c) molecular 
oxygen. Formation of melanin is alter or reduce if any one of the mentioned sub-
stance missing from the skin cells. Melanocytes begin to migrate from the neural 
crest as early as 2.5 weeks after post-fertilization. Melanin is mixture of biopoly-
mers synthesized inside melanocytes present in the basal layer of the epidermis, 
the iris and the hair bulb. Within the melanocytes, melanin production takes place 
in the melanosomes which is lysosome-like structure where melanin granules are 
produced using tyrosine as the major substrate. Tyrosine (TYR) is the main 
enzyme for the synthesis of melanin and the process known as melanogenesis 
which comprises conversion of tyrosine into DOPA and subsequently to DOPA 
quinone using the enzyme tyrosine hydroxylase and DOPA oxidase respectively 

Epidermal
layer

Dark Pigmented Light Pigmented

Melanocyte

Fig. 22.1 Distribution of melanin granules in dark pigmented skin (left panel) vs light pigmented 
skin (right panel)
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[28–30]. DOPA quinone is converted into DOPAchrome using enzyme 
DOPAchrome tautomerase which further subdivided into DHICA and DHI by 
catalytic reaction of DHICA oxidase and DHI oxidase [31, 32]. The final black 
color of the skin is formed by the conversion of indole-55,6-quinone carboxylic 
acid and is called eumelanin and brown pigment of skin is formed by cange of 
indole-5,6-quinone to eumelanin [32, 33]. DOPA quinone was also converted to 
cysteinyl-DOPA using the naturally present antioxidant enzyme Glutathione or 
cysteine which further changed to alanyl- hydroxy- benzothiazine and ultimately 
formed to pheomelanin which is responsible for yellow color of the skin 
(Fig. 22.2).

Eumelanin and pheomelanin play key roles in eye, hair, and skin color. 
Neuromelanin is the building block of color of certain distinctive regions of the 
brain. This coloration is independent of skin and hair type and abnormalities in 
neuromelanins is directly correlate with various neurodegenerative diseases, such as 
Parkinson’s and Alzheimer’s [34–37].

The total actions of tyrosine and DOPA in the pigmentary system strongly 
support an additional role for these melanin precursors as hormone like bio-
regulators, and hence melanocytes regulate activities of these two precursors 
which affecting both metabolic consumption and production [24]. Cell surface 

Tyrosine

Tyrosine hydroxylase/Tyr

DOPA (3,4-dihydroxyphenylalanine)

DOPA oxidase/Tyr

DOPA quinone

DHI oxidade/Tyr

DOPAchrome tautomerase

DOPA chrome

DHICA oxidase

DHICA (5,6-dihydroxyindole
2-carbolic acid

Indole-5,6-quinone
Carboxylic acid

Indole-5,6-
quinone

Eumelanin (black) Eumelanin (brown)

DHI (5,6-dihydroxyindole)

Glutathione or cysteine

Cysteinyl-DOPA

Alanyl-hydroxy-
benzothiazine

Pheomelanin
(Yellow)

Fig. 22.2 Melanin biosynthesis pathway
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proteins for these tyrosine (5 proteins) and DOPA (4 proteins) were detected 
and identified [38–40]. These proteins were neither adrenergic nor dopaminer-
gic receptors. Melanogenesis- related proteins have the cysteine-rich sequences 
characteristic of peptide hormones, they may regulate melanocyte function 
through binding to proteins, acting at the translational or transcriptional  
levels [38].

One major factor of pigment phenotype of the skin is the melanocortin 1 receptor 
(MC1R), a G protein-coupled receptor that controls the quantity and quality of mel-
anins produced [23, 41]. MC1R function is controlled by the agonists α-melanocyte- 
stimulating hormone (αMSH) and adrenocorticotropic hormone (ACTH) and by an 
antagonist, Agouti signaling protein (ASP). Activation of the MC1R by an agonist 
stimulates the expression of the melanogenic cascade and thus the synthesis of 
eumelanin (black and brown), whereas ASP can reverse those effects and elicit the 
production of pheomelanin (yellow). αMSH and ACTH can also up-regulate expres-
sion of the MC1R gene, thus acting in a positive feedback loop [42]. MC1R func-
tion controls the switch to produce eu- versus pheomelanin, but the mechanism(s) 
underlying that switch remains unknown. αMSH activate eumelanin and pha-
eomelanin by the activation of PI3K-AKT and ERK ½ pathways in the presence of 
ultraviolet radiation [43] (Fig. 22.3).

UV

PTEN

↓PI3K

↓AKT

Eumelanin Phaeomelanin

MITF ERK 1/2

CREB

PKA

cAMP
AC

MC1R receptor

α-MSH

Fig. 22.3 Activation of MC1R receptor within melanocyte triggers the cAMP and MAPK/ERK 
signalling pathways and interacts indirectly via PTEN with the PI3K pathway. (α-MSH - alpha- 
Melanocyte- stimulating hormone; AC – Adenylate Cyclase; cAMP – cyclic adenosine monophos-
phate; PKA  – Protein kinase A; CREB  - cyclic AMP responsive element binding protein; 
MITF - Microphthalmia Associated Transcription Factor; PTEN - Phosphatase and tensin homo-
log; PI3K - Phosphoinositide 3-kinase; ERK - Extracellular signal–regulated kinases
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22.4  Function of Melanin

Melanin is located in many animal tissues, and in practically all living organisms, it 
is not surprising that melanin has a lot of different functions. Melanin has a very 
much high biomedical attention mostly due to its physiological photoprotective 
properties. Eumelanin present in the skin shows a very broad UV-visible absorption 
spectrum [44], and it is able to dissipate the absorbed energy from the sunlight 
radiation such as heat. This can contribute to thermoregulation of individuals having 
melanin pigment, which is especially important for cold-blooded animals who are 
unable to regulate their body temperature. Melanin prevents the skin from the 
potentially damaging effects of UV light and causing a moderate tan effect on the 
skin to increase the amount of photoprotective pigment [45]. Both eumelanin and 
pheomelanin are affected by the sunlight, and they form semiquinoid-type free radi-
cal species and then typical free radical species from water, but eumelanin is large 
enough to scavenge the originated species and quite stable. In contrast, pheomelanin 
has been shown to be rather photolabile under sunlight at physiological conditions, 
and it is involved in the high production of superoxide [46].

The people having pheomelanin pigment has the greater chance of having cuta-
neous skin cancer [47]. Melanins are quite reactive, and they display a series of 
complex structural and physicochemical properties Melanins are quite reactive, and 
they display a series of complex structural and physicochemical properties in addi-
tion to resistance to degradation. They show redox activity are outstanding stable 
radical, chelating agent, free radical scavenger, organic agents etc. [48]. It act as 
various other functions too which is mention in Fig. 22.4.

Apart from skin, melanin is also present in the iris, retinal pigment epithelium 
(RPE) and choroid which helps to protect retina from intense sunlight. Melanin in 
the RPE exhibits antioxidant properties, protecting components of RPE such as 
A2E from photooxidation [49]. This ability appears to decrease in humans as they 
grow older. Furthermore, melanin formation at RPE also may be implicated in the 
downregulation of rod outer segment phagocytosis. This may be related to foveal 
sparing in macular degeneration [50] because of the changes in the redox properties. 
Melanin may also function as a natural reservoir for divalent ions and as an ion 
exchanger, as well as an intracellular buffering system for calcium homeostasis in 
inner ear [51]. The function of neuromelanin in the human substantia nigra is a very 
interesting and intriguing issue, as other mammals have no neuromelanin in the 
brain. In a different strategy of mechanism of protection against physical attack 
some cephalopods have melanin kept in a sac to camouflage themselves. This form 
of melanin makes up the ink used by octopus, cuttlefish, and other cephalopods as a 
defense mechanism against marine predators. Melanin is also related to protective 
agent as it is considered a primitive form of immunity by conversion of phenol oxi-
dases on phenols to form o-quinone intermediates and finally melanin [52, 53]. 
Melanin protects from oxidative stress and ROS, as it traps free radicals and protects 
microorganisms against oxidizing attacks, and ROS are part of the host mechanisms 
against invading microbes. Now a days, melanin also behaves as a semiconductor 
with interesting biophysical properties proposed for new biotechnological 
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applications. Synthetic dopamine melanin has been proposed for in situ formation 
of regular coatings [54]. Uniform flat melanin films can be obtained with dopamine 
or other similar precursors by spray deposition, and these thin films show a stacked 
planar structure with interesting electronic and optical properties [55] to be used as 
semiconductors in electrically qualified devices and other nanotechnological appli-
cations [56]. Yarrowia lipolytica is biotechnologically significant yeast, used for the 
synthesis of silver and gold nanostructures effective as paint-additives produce a 
dopa-melanin [57].

22.5  Measurement of Skin Pigmentation

There are various color match standardized techniques to measure skin pigmenta-
tion. The most accepted technique was Von Luschan’s chromatic scale, where sam-
ple skin was compared with 36 small different colored ceramic tiles ranging from 
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white to black [58]. After few decades, this technique was replaced by the introduc-
tion of EEL portable reflectance spectrometers (Evans Electroselenium Ltd.) with 
nine filters which showed high degree of sensitivity and selectivity. These spectrom-
eters were improved in terms of objectivity and accuracy, measure percentage of 
light reflected from the skin at different wavelengths. The reflectance from the skin 
at each wavelength relative to that of a white standard (typically white magnesium 
carbonate). EEL portable reflectance spectrometers were replaced by Photovolt 
instrument which is refined form of the former having six filters with broader band 
transmittance. Results from both instruments were very hard to estimate, although 
conversion formulae were developed to overcome this issue [59, 60]. Presently, 
three techniques has been use based on reflectance technologies to study the pig-
mentation in the skin: tristimulus colorimetry, specialized narrow-band reflectome-
try, and diffuse reflectance spectroscopy. These modern instruments used to quantify 
skin pigmentation and offer significant advantages over traditional instruments in 
terms of reliability, sensitivity, portability and accuracy.

22.5.1  Tristimulus Colorimetry

Tristimulus colorimetry was developed in taken into manner analogues the way eye 
perceives color [61]. Photodiode array of this colorimeter perceive reflected light 
through three broad wavelength filters. Color parameters are then defined by the 
level of differences among the reflectance level of these three filters. Tristimulus 
colorimeters supports the Minolta Chroma Meter series which was made by Konica 
Minolta Sensing, Osaka, Japan, are usually able to report color values for a number 
of other color systems as well. By using tristimulus colorimeters, pigmentation is 
evaluated using L*, b*, or a combination of the three parameters and erythema (red-
ness of the skin primarily due to hemoglobin) is typically evaluated using the a* 
parameter [62].

22.5.2  Specialized Narrow-Band Reflectometry

The approach for this kind of reflectometry was developed by [63], who specifically 
measure hemoglobin and melanin in the skin. Both form of hemoglobin i.e., deoxy- 
hemoglobin and oxy-hemoglobin absorbs light at lower wavelength of visible light, 
with absorption peaks in the green-yellow region of the spectrum (deoxy- hemoglobin 
absorption maxima, 555 nm; oxy-hemoglobin absorption maxima, 540 and 577 nm). 
Whereas, melanin absorbs light at all wavelength and its absorption decreases expo-
nentially in 400–600 nm range and linear in 720–620 nm range [64]. Differences in 
spectral curves of hemoglobin and melanin suggested the reflectance of narrow- 
band light in the red spectrum that yield reasonable estimates of melanin content of 
the skin [63], by using the following equation:
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The degree of skin redness or erythema can be estimated by subtracting the 
absorbance due to melanin from the absorbance of the green filter and is calculated 
as:
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Various tristimulus colorimeter and narrow-band spectrometers that measures 
the melanin and erythema indices are commercially available which helps in carried 
out many comparative studies of hair and skin pigmentation [65].

22.5.3  Diffuse Reflectance Spectroscopy

The Diffuse reflectance spectroscopy (DRS) is considered as the most accurate and 
sensitive noninvasive method to measure skin pigmentation [62]. The advantage of 
DRS over the two methods which described before is that the DRS values are mea-
sured at high optical resolution throughout the visible spectrum. The incident light 
is delivered to the skin at the site of interest using fibre optic bundle and the reflec-
tance from skin detected through an analyzer-detector system in the whole spec-
trum. Since, the received data is from full visible spectrum that means it is possible 
to separate the two major chromophores of the skin because of their different spec-
tral properties. Amount of melanin presence in the skin can be calculated by DRS 
by the absorption spectrum in the region between 620 and 720 nm [66, 67] and 
hemoglobin content determined by absorbance of the skin at 560–580 nm [62]. The 
added advantage of new generation portable spectrometers is that they can be used 
to calculate all type of pigmentation measurements and can be determined by using 
appropriate formulae.

22.6  Human Exposure UV Radiation  
and Pigmentary System

Ultraviolet radiation (UVR) is most strongly correlated for skin pigmentation in 
humans compared with all other environmental factors measured [68]. Pigmentation 
has wide ranging effects on human body as it is one of the important factor in regu-
lating the penetration of ultraviolet radiation [69]. Therefore, UV radiation from sun 
striking power in skin is estimated by the UV index number, which was first devel-
oped by Canadian scientists in 1992. Since, UV rays can penetrate clouds, clothes 
and even glass, UV index is an excellent ‘guide’ with lighter skin types and greater 
precautions are needed (Fig. 22.5).

Eumelanin which is responsible for the brown pigmentation in the body absorbs 
and scatters ultraviolet and visible light and prevent the formation of reactive 
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oxygen species inside the skin [70, 71]. Ultraviolet B (280–315 nm) is present abun-
dant outside of tropical lattitudes which is necessary for the production and synthe-
sis of cutaneous Vitamin D3 in the skin [72–76]. The pre-vitamin D3 production is 
inversely proportional to skin pigmentation, the higher the eumelanin content, the 
lower the rate of pre-vitamin D3 production of skin [69, 75–79]. It is evident that 
low pigmented people residing the zone near the equator experience enough UVB 
through normal sun exposure on unprotected skin to produce physiologically ade-
quate amounts of vitamin D.

The people with dark pigmented skin, these ‘vitamin D safe zones’ are smaller 
and shifted towards the equator because of the efficacious sunscreening action of 
eumelanin. People living at higher latitudes than 42° must supplement their diets 
with vitamin D3-rich foods, in order to prevent vitamin D deficiency and its related 
diseases. Years of sun exposure may result in dark spots in light-skinned individuals 
and spotted as hyperpigmentation that results in patchy skin color or a blotchy com-
plexion [80]. The extent of sun damage depends largely on a person’s skin color and 
his or her history of long-term or intense sun exposure. To treat pigmentation prob-
lems due to sun damage in lighter-skinned individuals some recommendations are 
following in Fig. 22.6.

Exposure Category with
Index Number

Sun Protection
Messages

Apply sunglasses and use sunscreen with SPF 30+.

Wear hat and sunglasses and using sunscreen SPF 30+. Reduce sun
exposure to most intense UV radiation by remain in shady places.

Protection needed against sun damage by suing wide- brimmed hat
and sunglasses & wear long sleeved shirt

and pants. Avoid to go outside in day- time.

Defense against sun damage is needed and sun exposure specially from
10am to 4pm must be avoided. Try to not go beachside at day time

because of UV reflectance is doubled by white sand or bright surfaces.

Shield against sun damage is strictly must be needed as the UV index number
reached more than 11. Should apply sunscreen with SPF 30+ with full

sleeves shirt and hat withproper shade.

Low
(<2)
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Extreme
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Fig. 22.5 Protection from UV radiation on the basis of exposure to sun and index number with its 
protection methods
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22.7  Disorders of Pigmentation

Disorders of melanin pigment in the body can be characterized by decreased mela-
nin production causing skin to get lighter (hypopigmentation) or by increased mela-
nin production causing skin to get darker (hyperpigmentation). Skin disorders 
resulting in hypopigmentation may be acquired or congenital (present from birth). 
Acquired causes of hypopigmentation are more common than congenital causes of 
hypopigmentation. Collectively, the group of diseases is referred to as skin pigmen-
tation disorders and is describing below in details.

22.8  Hypomelanosis

There are various skin disorders which is caused due to the non-presence or lesser 
presence of melanin pigment in the body. It may be arise due to the defects in 
embryological development of the melanocytes, defects in melanogenesis process, 
defects in biogenesis of Melanosomes, Melanosomes transport, survival of melano-
cytes and other pigmentary problems. The diseases associated with them are as 
follows.

22.8.1  Piebaldism

Piebaldism is very rare autosomal dominant disorder with congenital Hypomelanosis. 
This disorder is present only to hair and skin without its presence in neurological, 
ocular regions. The lesion caused due to the disease spread to the anterior part of 
trunk, abdomen, extremities and frontal part of scalp [81, 82]. In 90% cases the 
forelock is become white along with hairs and adjacent skins because of 
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Fig. 22.6 Recommended treatment methods to treat sun damaged skin due to ultraviolet radiation 
to regain normal skin pigmentation
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depigmentation. This disease gives “mosaic” like pattern because of hypo and hyper 
pigmentation in adjacent areas of skins. These patches are congenital, stable with 
time and do not repigment because of complete absent of melanocytes within the 
hair bulb and epidermis [81, 83].

Primarily, this disease caused due to the loss of function and dominant mutation 
of KIT gene which is located on chromosome 4 (4q12) [84, 85]. This gene is respon-
sible for white spotting in humans and encodes for a tyrosine kinase receptor named 
as c-kit. This gene is present on cell surface of melanocyte, germ cells and hemato-
poetic stem cells [86]. This factor is involved in proliferation and survival of mela-
noblasts [87]. Recent studies revealed the identification of novel gene KIT mutation 
in chinese family suffered from Piebaldism [88]. The importance of c-kit pathway 
emphasized by treatment with new tyrosine kinase inhibitors in pigmentation disor-
ders [89–91]. Dermabrasion and skin grafts are effective surgical techniques for 
treatment. Transplantation of melanocytes is another treatment option and many 
individuals have favorable responses to this therapy [92].

22.8.2  Waardenburg (WB) Syndrome

This skin disorder associated with congenital white patches with deafness. This 
disease distinguished in 4 types and is as follows.

WB syndrome 1 is an autosomal dominant disorder where clinical manifesta-
tions are highly variable. Symptoms are almost same as that of piebaldism that 
includes white forelock which is the most frequent manifestation (45% of cases) 
with neural tube defects in infants [93]. One third of the cases showed alopecia and 
hypopigmented patches also. Ocular manifestations, dystopia canthorum, Facial 
dysmorphia are the main clnical sign of WB syndrome 1 [94, 95]. Sensorineural 
deafness may be severe but usually stable with time, shown the absence of melano-
cytes in the vascular stria of cochlea in inner ear [96, 97].

WB1 and 3 result from loss of function mutations of PAX3 gene which is located 
in chromosome 2. PAX3 encrypts for a transcription factor with 4 functional 
domains. In patients, mutations have been described in each of these 4 domains 
presenting WB1 and WB3 syndrome [98–102]. PAX3 is also expressed at the lateral 
extremity of the neural plate showing the primitive streak and 2 bands of cells [103]. 
It is now established that PAX3 controls microphthalmia-associated transcription 
factor (MITF) [104]. MITF takes central role in melanogenesis by activates tran-
scription of melanocyte proteins including tyrosinase and tyrosinase-related protein 
1. It mediates survival of melanocytes via regulation of Bcl2 [105]. WS2 is geneti-
cally a heterogenic group and occurred due to mutations in MITF gene locatedin 
chromosome 3.

WB4 is an autosomal recessive disorder with dystopia canthorum, broad nasal 
root, white skin patches, or neonatal deafness symptoms [106]. This results from 
mutations in several different genes like endothelin-B receptor (EDNRB) gene and 
SOX10 gene [107]. Homozygous mutation in EDNRB gene results inWB4 [82, 
108–110]. Heterozygote mutations of the transcription factor gene SOX10 also lead 
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to WB4 [111]. Mutations in SOX10 also exhibit myelination deficiency in the cen-
tral and peripheral nervous systems [112]. Transcription of MITF regulates with 
SOX10 along with PAX3 and plays a vital role in the survival of neural crest cells 
[113]. Structural myelin proteins genes overexpression coding for P0 due to muta-
tion in SOX10 may explain the dysmyelination phenotype with an additional neuro-
logical disorder [112].

22.8.3  Oculocutaneous Albinism (OCA)

OCA type 1 is one of the two most common OCA present which is an autosomal 
recessive disorder characterized by non-pigmentation in hair, skin, and eyes. 
Forefront often shows Ocular manifestations symptoms like severe nystagmus, pho-
tophobia, reduced visual acuity etc. [114]. OCA type 1 divided into 2 types: type 
1-A, with complete lack of tyrosinase activity because of production of an inactive 
enzyme, and type 1-B, with reduced activity of tyrosinase. In OCA1-A melano-
somes are normally present within melanocytes and well-transferred to the 
keratinocytes.

OCA type 1 caused by mutation in the TYR gene [115, 116]. Mutation in this 
gene encodes albinism in mouse and it encodes tyrosinase and mutation in all four 
domain of tyrosinase occurred. OCA type 2 is the most common form of OCA 
which is autosomal recessive. Pigmentation is higher in black people and with time 
pigmented nevi, lentigos and freckles can be seen. Also, Ocular manifestations are 
also less severe, visual acuity and nystagmus tend to get better with time.

OCA type 3 is an autosomal recessive disorder and most common seen in African 
origin people in which skin and hairs are light brown and iris is gray or light brown 
in color. Ultrastructural analysis of melanocytes in OCA type 3 shows eumelano-
somes and pheomelanosomes in all stages. OCA type 3 results from loss-of- function 
mutations of the tyrosinase related protein 1 (TYRP1) gene which is responsible for 
brown color in mouse [117, 118]. TYRP1 encodes for dihydroxyindol carboxylic 
acid oxidase which is a well-known melanogenic enzyme [119]. This enzyme is 
downstream of tyrosinase and necessary for eumelanin synthesis only but not phe-
omelanin synthesis and hence OCA3 associated with the abnormal presence of phe-
omelanin in black peoples.

OCA type 4 is rare form of recently known autosomal recessive form of OCA 
which results from mutations in membrane-associated transporter protein (MATP) 
gene (5p) which is human ortholog of underwhite gene in mouse and is same as 
OCA2 phenotypically. This protein predicted to span the membrane of melanosome 
12 times and functions as a transporter [120].

22.8.4  Ocular Albinism (OA)

This disease is an X-linked recessive disorder and is the most frequent OA which is 
limited to eyes only. Ultrastructural analysis shows the presence of giant 
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melanosomes called “macromelanosomes” within normal melanocytes. Which are 
present in skin, iris, and retina. Retinal pigment analysis suggested that the giant 
melanosomes may form by abnormal growth of single melanosomes rather than by 
the fusion of several organelles [121]. Treatment primarily involves protection of 
the skin and eyes from the sun. Sunscreen, long pants and sleeves, wide-brimmed 
hats, and sunglasses are all effective options for protection. Albinism does not usu-
ally affect lifespan. The prognosis is excellent and an individual’s activity may be 
only limited by intolerance of the sun. Possible complications may include decreased 
vision, blindness, and skin cancer.

22.8.5  Hermansky-Pudlak Syndrome (HPS)

HPS is rare autosomal recessive disorder which has symptoms of bleeding and 
lysosomal ceroid storage [122]. Tyrosinase is absent from hair bulb and macrome-
lanosomes is present within melanocytes and adjacent keratinocytes. Melanosomes 
with stage IV is very rare but with stages I to III are frequent [122]. Platlet counts 
is normal in bleeding case also but with the absence of dense bodies [123]. Ceroid 
substance comes from degradation of lipids and glycoproteins within lysosomes 
and its storage in HPS suggests a defect in mechanisms of elimination of lyso-
somes [117].

HPS type 1 is most common and results from mutation in HPS1 gene which is 
responsible for pale-ear phenotype in mouse model. HPS type 1 and 4 codes for 
cytosolic proteins that form lysosomal complex called biogenesis of lysosome- 
related organelles complex-3 (BLOC3) [124] which is involved in the mechanism 
different from that operated by AP3 complex. HPS type 2 includes immunodefi-
ciency in its phenotype and results from mutations in AP3B1 gene which codes for 
beta-3A subunit of the AP3 complex in the pearl phenotype in mouse [125]. 
Additionally, CD1B surface protein binds the AP3 adaptor protein complex which 
shows defects in HPS2 patients results in repeat bacterial infections [126].

HPS type 3 results from mutation in HPS3 gene which is regularly occurring 
disease in Puerto rico. Mutation in HPS3 results in cocoa phenotype in mouse. 
HPS3 encodes cytoplasmic proteins of unknown function that can be involved in 
early stages of melanosome biogenesis and maturation [127]. HPS type 4 caused 
due to the mutation in HPS4 gene which stands for light-ear phenotype. This dis-
ease also involved in the formation of BLOC3 which has same function as of 
HPS1.

HPS type 5 and HPS 6 results from the mutations in HPS5gene and HPS6 
gene. HPS5 mutation results in ruby eye 2 (ru2) and HPS6 mutation forms in ruby 
eye (ru) phenotype and both form a lysosomal complex called BLOC2 [128]. HPS 
type 7 caused by mutation in the DTNBP1 gene which forms sandy phenotype in 
mouse and encodes for dysbindin, a protein that binds to α- and β- dystrobrevins, 
components of the dystrophin-associated protein complex in muscle and nonmus-
cle cells and also important for normal platelet dense granule and melanosome 
biogenesis [129].
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22.8.6  Chediak-Higashi Syndrome (CHS)

CHS is also a very rare autosomal recessive syndrome that associates a partial OCA 
and an immunodeficiency syndrome. Cutaneous pigmentation is usually not very 
decreased and hairs are blond or light brown, iris is pigmented, photophobia and 
nystagmus could be seen. This disease is characterized by the presence of giant 
melanosomes in melanocytes and giant inclusion bodies in most granulated cells. 
The key factor about this disease id the absence of natural killer cell cytotoxicity 
and decrease of neutrophil and monocyte migration and chemotaxis. The syndrome 
is due to the mutation in the CHS1 gene also called LYST. Mutation in this gene 
cause beige phenotype in mouse which encodes a large cytoplasmic protein of 
unknown function. CHS1 performs to function as an adapter protein that may put 
next to proteins that mediate intracellular membrane fusion reactions when both 
proteins interact [130].

22.8.7  Griscelli-Prunieras Syndrome (GS)

This syndrome is a very rare autosomal recessive disorder which relate with the 
defect of melanosome transport to nearby keratinocytes and hence results in 
hypopigmentation and neurological (GS1) or immunological (GS2) abnormalities 
whereas in GS3, only hypopigmentation is detected. Skin phenotype is common in 
all three types of GS and is characterized by silvery gray ear and a relative skin 
hypopigmentation. Patients with GS1 show neurological defects including develop-
mental delay, hypotonia and mental retardation which is due to results from muta-
tions in the MYO5A gene. This gene encodes for myosin 5a, molecular motor that 
binds with rab27a, and melanophilin, that allows the transport of the melanosomes 
on the actin fibers and the docking of the melanosomes at the extremities of the 
dendrites tips [131]. GS2 associates hypopigmentation and immunological abnor-
malities along with severe pyogenic infections with hemophagocytic syndrome. It 
comes with a mutation in RAB27A gene in mouse which result in the ashen pheno-
type, encodes and function as GTPase for melanosome transport [132]. GS3 expres-
sion is characteristic of hypopigmentation, results from mutation in the MLPH gene 
which results in leaden phenotype and encodes melanophilin thatact as same func-
tion as MYO5A (58). GS3 can also result from the deletion of the MYO5A F-exon, 
an exon with a tissue-restricted expression pattern [133]

22.8.8  Vitiligo

This disorder related to defect of survival of melanocytes and is an acquired cuta-
neous disorder of pigmentation, with a 1%–2% incidence worldwide. It is charac-
terized by well-circumscribed, white cutaneous macules with absence of 
melanocytes. Latest studies reveal that it is an autoimmune disorder and relate to 
thyroid gland [134]. Many genes have been reported and published previously but 
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none of them is convincing and promising till date. There are two large genome 
wide screens for generalized vitiligo linkage of an oligogenic auto immune suscep-
tibility locus, termed AIS1 [135, 136] and also two new susceptibility loci have 
been found. Measures such as sun protection, concealers, topical steroids, photo-
therapy, depigmentation, and surgical grafting may improve the skin’s appearance. 
Clinical trials of alternative treatments for vitiligo include ginkgo biloba only and 
the combination of folic acid and vitamin B-12, which have restored skin color in 
some individuals [137].

22.8.9  Tuberous Sclerosis

Tuberous Sclerosis complex (TSC) is congenital disease of high penetrance is 
characterized by the presence of hamartoma, which can affect mainly all the 
organs which affects skin, central nervous system, eyes, heart, and kidney mostly. 
It is also associated with multiple hepatic lipomatous tumours. [138] At later 
stages, brain and kidney malignant tumors pigmentary disorders can be observed. 
Almost in all cases Hypomelanotic macules are observed and described as white 
ash leaf-shaped macules [139]. Hypopigmented iris spots and leaf-shaped lesions 
of ocular fundus have been also reported [140, 141]. This disorder results from 
mutation in the TSC-1 gene and TSC-2 gene encoding for hamartin and tuberin, 
respectively [142, 143]. The exact function of these proteins is not known; how-
ever, both proteins interact directly with each other, and function together to regu-
late specific cellular processes [144]. Most patients with tuberous sclerosis have a 
normal life span. There is no proper treatment for tuberous sclerosis. Initial diag-
nosis and intervention can help individuals avoid or overcome developmental 
delays or progression of the disease. Seizures, a common complication, may 
respond to anti-seizure drugs. Complications of neurological, or brain, involve-
ment are the most common cause of morbidity (sickness/hospitalization) and 
mortality (death). Kidney, or renal, complications are the next most frequent cause 
of morbidity and mortality.

22.9  Hypermelanosis

It is characterized by swirling streaks of hyperpigmented (darkened) skin. This dis-
order occurred may be due to the increase in tyrosine activity and hence results in 
more pigment formation within body. Some of the diseases which occurs due to 
hyperpigmentation are discussed below.

22.9.1  Café au lait macules

Café-au-lait is French for “coffee with milk” are hyperpigmented flat skin lesions 
ranging in color from tan to dark brown and ranging in size from 1 to 20-cm. 
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They can be found on any part of the body, but are commonly located on the 
thorax or trunk region. Microscopic examination reveals increased epidermal 
melanin pigment with normal number of melanocytes. Macromelanosomes that 
are a feature of cafe au lait macules of the neurofibromatosis are absent in spo-
radic cafe au lait macules. The occurrence of greater than six café-au-lait mac-
ules should raise the suspicion for the genetic disorder neurofibromatosis type 1 
(NF1). Other genetic disorders associated with excessive café-au-lait macules 
include McCune-Albright syndrome, tuberous sclerosis, and Fanconi anemia. 
The macules are most frequently observed in childrens having dark pigmenta-
tion. Some of them are congenital, considered birthmarks, and some even fade or 
disappear with time. Café-au-lait macules usually do not require treatment, 
unless cosmetically necessary, in which case laser therapies and surgical removal 
is effective [145].

22.9.2  Neurofibromatosis (NF)

NF is an autosomal dominant disorder with a variable expressivity and affects 
approximately 1 in 3000 individuals, characterized by the presence of more than 6 
cafe au lait spots, freckles in the axillary or inguinal regions, neurofibromas, Lisch 
nodules in the eyes, and bony defects. NF1 gene encode by a protein neurofibromin, 
a 327-kDa protein which presents homology with members of the GTPase-activating 
protein superfamily [146]. Neurofibromin involved in negative regulation of RAS 
oncogene [147] which showed tumor-suppressive activity. In NF1 patients, reduc-
tion in neurofibromin level in epidermis and hence pigmentation abnormalities 
occur. This was evidenced by neurofibromin level of cultured melanocytes by a 
mechanism independent NF1 gene transcription and translation, which might influ-
ence the degradation rate of the protein [148].

22.9.3  McCune-Albright Syndrome

McCune-Albright syndrome is a genetic disease that affects the bones and color 
(pigmentation) of the skin. This disease characterized by pigmented lesions, poly-
ostotic fibrous dysplasia and endocrinologic abnormalities, including thyrotoxico-
sis, pituitary gigantism, precocious puberty and Cushing syndrome. The hallmark 
symptom of McCune-Albright syndrome is early puberty in girls. Menstrual peri-
ods may begin in early childhood, long before the breasts or pubic hair develop 
(which normally occur first). Puberty and menstrual bleeding may begin as early as 
4 to 6 months in girls. This phenotype is associated with mutations in the GNAS1 
gene [149, 150]. The mutation in α subunit of the G protein induces excess of 
endogenous cyclic adenosine monophosphate that causes constitutive activation of 
adenylyl cyclase which plays an essential role in melanogenesis and in melano-
somes transport [4, 151]. There is no specific treatment for McCune-Albright 
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syndrome. Drugs that block estrogen production, such as testolactone, have been 
tried with some success. Adrenal gland abnormalities (such as Cushing syndrome) 
may be treated with surgery to remove the adrenal glands. Gigantism and pituitary 
adenoma will need to be treated with medicines that block hormone production, or 
with surgery.

22.9.4  Melasma

An example of hyperpigmentation is melasma (also known as chloasma). This con-
dition is characterized by brown to gray-brown patches, usually on the face. Most 
people get it on their cheeks, bridge of their nose, forehead, chin, and above their 
upper lip. It also can appear on other parts of the body that get lots of sun, such as 
the forearms and neck. Melasma can occur in pregnant women and is often called 
the “mask of pregnancy;” however, men can also develop this condition. However, 
it can develop after taking oral contraceptives, or anti-seizure medication (e.g. phe-
nytoin [Dilantin]). Melasma sometimes goes away after pregnancy but has no spe-
cific symptoms but causes alarm due to its appearance. Available treatment therapies 
includes topical treatment with hydroquinone 3-percent or 4-percent, azelaic acid 
20-percent cream, glycolic acid 10-percent peel and retinoids (e.g. tretinoin 
0.05-percent or 0.1-percent cream, adapalene [Differin] 0.1-percent or 0.3-percent 
gel). Prevention of melasma may be aided by wearing sunscreen (at least SPF 30) 
and wide-brimmed hats [152].

22.9.5  Lentigens

Lentigens also called as Solar lentigines (singular, solar lentigo), or liver spots, are 
benign (noncancerous), hyperpigmented, flat skin lesions occurring on the sun- 
exposed areas of the body. They vary in color from light yellow to dark brown. The 
face, hands, forearms, chest, back, and shins are the most common areas of occur-
rence for solar lentigines. Caucasians and Asians are the most likely to develop solar 
lentigines and can be treated with lasers [153]. They are indicative of excess sun 
exposure (a risk factor for the development of skin cancer) and commonly appear 
when individuals are in their 30 s. When lentigens multiplies may be act as markr 
for the presence of a multisystem disorder. LEOPARD is a rare autosomal dominant 
disorder with high penetrance and variable expressivity. It shows lentigines, retarda-
tion of growth, ocular hypertelorism, pulmonary stenosis, electrocardiographic 
abnormalities, abnormal genitalia and deafness (sensorineural) [154, 155]. 
LEOPARD syndrome caused by mutations in the PTPN11 gene and is known as 
Noonan’s syndrome [156]. Peutz-Jeghers syndrome is an autosomal dominant dis-
order described by lentiginosis of the buccal mucosa, digits, lips and hamartoma-
tous polyps of the gastrointestinal tract and encodes the serine/threonine kinase 
STK11 gene [157, 158].
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22.9.6  Freckles

Freckles, or ephelides, are small (one to two millimeter) flat skin lesions of uniform 
color and commonly found on the face, neck, chest, and arms, numbers from a few 
to hundreds. The gene for freckles is a recessive trait, which means both parents are 
carriers of the trait resulting in its appearance in offspring. Contrary to popular 
belief, freckles are not indicative of sun damage to the skin. Prevention of freckles 
may be accomplished with sunscreens, wide-brimmed hats, and long pants and 
sleeves. Undesired freckles can be treated similarly to solar lentigines with cryo-
therapy, hydroquinone, azelaic acid, glycolic acid peels, and laser therapy.

22.9.7  Leukomelanoderma

This is very rare autosomal recessive skin disorder. It is characterized by association 
of hypopigmented and hyperpigmented macules mostly on the back of the hands 
and feet. In this disease, an increase number of melanosomes in the melanocytes 
and the keratinocytes is resides within hyperpigmented macules, whereas a low 
density of DOPA (dihydroxyphenylalanine)- positive melanocytes is noted in 
hypopigmented lesions. In some areas, there are no visible melanocytes. The locus 
of the gene responsible for leukomelanoderma has recently been mapped to chro-
mosome 1q21.3, and mutations were recognized in the DSRAD gene encoding 
double-stranded RNA-specific adenosine deaminase [159]. The pathogenesis of this 
disorder leading to these characteristic pigmentary troubles is, however, still 
unknown.

22.9.8  Melanoma

Melanoma is one of the most dangerous skin cancer that grows when unrepaired 
DNA damage to skin cells due to UV radiation or tanning beds and results in muta-
tions that leads to the skin cells to multiply rapidly and form malignant tumors 
[160]. These tumors formed from the pigment-producing melanocytes present in the 
basal layer of the epidermis. Initially they resemble moles and some develop from 
moles. The majority of melanomas are black or brown, but they can also be skin- 
colored, pink, red, purple, blue or white. The survival time for metastatic melanoma 
patient is 8–9 months, and overall survival rate is less than 15% [161]. Conventional 
chemotherapy with the compound dacarbazine (DTIC) alone is associated with 
almost negligible survival response of 15% [162]. Immune studies (IFN-α and IL-2) 
shows some promising surviving rates but they showed intense toxicities and hence 
unfavorable for melanoma patients [163]. Molecular investigations suggested con-
stant genetic patterns on each type of melanoma and 50–60% of them due to BRAF 
mutation [164, 165]. Deactivated tumor suppressor gene is also identifies in mela-
noma. In vitrostudies on various melanoma cell lines revealed that in melanoma 
transcriptional factors or cell cycle regulators, p16 and p14ARF are in activated 
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[166]. Melanoma at mucosal, acral and chronic sun damaged sites is due to the 
mutation in KIT genes [167], while uveal melanomas caused because of muataion 
in the α-subunit of G proteinof Gq family, GNAQ and GNA11 [168]. The cure of 
melanoma should be targeting signal molecules which is specific for definite type of 
melanoma. c-kit, RAS/RAF/MAPK/ERK pathway, MEK, PI3K pathways should 
be eligible for treatment in therapeutically manner. Treatment should also focus on 
targeting multiple coexistent aberrations in different pathways, and addressing the 
mechanisms that cause the tumor’s tendency for growth and chemoresistance.

22.10  Treatment Options for Pigmentation Disorders

Multi-faceted approaches have been use in present treating scenario of treating 
skin pigmentation disorders. After getting detail about exact condition of the 
patient in case of pigmentation disorder, treatment regimen can be start at early as 
possible.

Many treatment modalities and therapeutic strategies are presently developed 
including chemical agents and physical therapies are now available to treat hyper-
melanosis and repigment hypomelanotic or amelanotic skin.

22.10.1  Wood’s Light Investigation

This technique is performed in dark in which light source is from wood’s lamp by 
which UV rays ranging from 320 to 400 nm is shone on to the skin of patients where 
melanin is in abundance. In pigmented skin, all the light were absorb and very little 
is reflect back and appears black, whereas less pigment skin (epidermal region), 
more light goes back and appear white. This method is useful when pigmentation is 
not apparent in visible light.

22.10.2  Phototherapy

Phototherapy also known as light therapy used to treat hyperpigmentation disorder 
with a special kind of light (narrowband ultraviolet B). other strategies used to treat 
skin disorder includes UV light A (UVA) phototherapy; photochemotherapy (oral 
and topical), such as psoralen plus UVA (PUVA) 308 nm excimer laser; and combi-
nation phototherapy.

22.10.3  Other Photochemotherapies

Phenylalanine plus UVA or Khellin (topical or systemic) plus UVA have also been 
proposed for the treatment of vitiligo. However, there has been conflicting reports 
regarding these treatment strategies, and reports suggested the hepatic toxicity due 
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to excessive usage of khellin. For these reasons, these modalities were not suggested 
for the treatment of vitiligo.

22.10.4  IPL (Intense Pulsed Light)

IPL is also known as photofacial which is a noninvasive, no-downtime procedure to 
correct virtually any superficial blemish or hyperpigmentation. Nonerosive light has 
been use to addresses hyperpigmentation without harming healthy cells, allowing 
patients to resume their daily activities immediately. In this technique broad- 
spectrum light is use that reaches multiple layers of skin with brief flashes. This 
helps in skin natural healing process by warm the skin due to light flashes, as well 
as improves collagen growth underneath the skin. This multi-faceted approach take 
30–60  min, makes skin look normal, smoother and more voluminous after 
treatment.

22.10.5  Fraxel Laser

This is FDA-approved fractional laser technology used for skin resurfacing, brighter, 
softer texturend pigmentation disorders without the nasty complications that tended 
to accompany it. This method is very new that creates thousands of microscopic 
treatment zones per square centimeter of skin, causing the natural healing process 
of the skin to stimulate melanin synthesis in case of depigmented disease and a 
regeneration of healthy skin cells with glowing texture.

22.10.6  Obagi Blue Peel

Obagi Blue Peel is a relatively simple, quick, in-office process considered to 
improve both the appearance and health of the skin by improving the pigmentation 
in skin. By mixing a low concentration (15–30%) of TCA (Trichloracetic Acid) in a 
blue solution, thin layers of damaged or depigmented cells can be removed from the 
skin.

22.10.7  Immunomodulators

Several previous studies reported various immunomodulatory drugs for the 
treatment of pigmentation disorders including levamisole, anapsos, isoprino-
sine, and suplatast, as repigmenting agents for the treatment of vitiligo. 
Nowadays, tacrolimus and pimecrolimus are used as an immune suppressant 
drugs which are known to possess additional anti-inflammatory action and are 
also used off-label for vitiligo treatment. Synergistic effects of these drugs with 
phototherapy are believed to produce a faster response but it also associated 
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with an increased risk of skin infections and development of skin cancers when 
used for long term.

22.10.8  Corticosteroids

Steroid-induced repigmentation occurs within 5 months of treatment in a perifol-
licular way. They showed some side-effects too like steroid-induced acne, ecchymo-
ses, rosacea, striae, dermal atrophy and telangiectasia. The mechanism of 
steroid-induced repigmentation is unknown, although several hypothesis are pro-
posed, such as stimulation of melanocyte proliferation and migration and suppres-
sion of immunity-driven melanocyte destruction.

22.10.9  Surgical Therapy

This method targets to rebuild the epidermal (and perhaps follicular) compartment 
of the melanocyte population of the skin in patients with a total destruction of pig-
ment cells and a lack of response to medical treatment [169, 170]. This option used 
in patients with persistent depigmentation caused by halo nevi, thermal burns, 
trauma, or piebaldism and in vitiligo patients, unlikely to respond to medical thera-
pies [171–173]. Several methods are available including punch grafts; blister grafts; 
split-thickness grafts; and autologous transplantation of melanocyte suspensions, 
cultured melanocytes, or cultured epidermal grafts including melanocytes. 
Repigment of vitiligo leukotrichia has also been performed successfully by grafting 
of follicular melanocytes [174].

22.10.10  Antioxidant Therapy

The objective for this approach based on the hypothesis that vitiligo results from a 
deficiency of natural antioxidant mechanisms. Although till date not validated by a 
controlled clinical trial, ascorbic acid, tocopherol, selenium methionine and ubiqui-
none are widely used to arrest vitiligo spreading and to helps in repigmentation of 
skin.

22.10.11  Melagenina

Melagenina is a hydroalcoholic extract of the human placenta with α-lipoprotein as 
an active ingredient. Preliminary studies in Cuba claimed that 84% of vitiligo 
patients achieved total repigmentation but other laboratories have not been able to 
claim which was Cuban group said. Recently, an ointment was developed in Cuba 
by renowned Dr. Carlos Manuel Miyares and he made melagenina plus. They 
claimed this ointment that triggers the production of melanocytes which was made 
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by mixing alcoholic extraction of the human placenta with Melagenina and calcium 
chloride.

22.10.12  Cold-Atmospheric Plasma

Cold-atmospheric plasma (CAP) is presently use in various dermatological diseases 
including vitiligo, scar reduction, wound healing and skin cancers like melanoma 
etc. Plasma treatment receives a lot of attention and opens a completely new unex-
plored area known as Plasma medicine. In the early stage of pigmentation disorders, 
plasma treatment seems to support the inflammation needed for skin recovery. CAP 
is now days used in cancer therapy, wound healing, MAPK signal pathway activa-
tion and anti-ageing therapy [175]. In later stages and in the hyperpigmentation 
disorder (melanoma), plasma treatment possibly shows better results compared to 
the control group in terms of avoiding different post-traumatic skin disorders. As the 
main result, plasma treatment in differentiated time related dosages shows superior 
aesthetic features from the beginning to the end of scar formation. The synergistic 
effects of nanoemulsion of some novel herbal compounds with cold-plasma also in 
its preliminary studies as better drug delivery system for the treatment of pigmenta-
tion disorder. Some natural compounds like naringin (flavonoid in citrus fruit) 
showed improved tyrosinase activity (83.3% activity increase in activity after 
10  min plasma treatment) using μ-dielectric barrier discharge (μ-DBD) plasma 
source [2], hence can also prove potent candidate to treat hyper-pigmentation and 
related disorders in future. To understand the plasma treatment effect on eugenol 
derivatives circular dichroism (CD) study was performed. The CD spectrum for 
eugenol derivatives (ED) and plasma activated eugenol derivatives (PAED) showed 
changes in α-helix and β-sheets in mushroom tyrosinase.

These two derivatives reported to increase the melanin synthesis in B16F10 cells 
using cold atmospheric plasma through enhanced intracellular ROS and activation 
of cAMP pathway which in turn up-regulates the MITF and TRP1 expressions 
eventually triggering the melanin synthesis in cells [22].

Safety of the drug is the first requirement to test its any biological activity. 
Maximum concentration of 4b and 6a as safe dose for skin melanoma (B16F10), 
skin fibroblast (L929) and human skin epidermal keratinocyte (HaCaT) cells was 
determined as 42 μg/mL (Fig. 22.7).

The B16F10 cells were treated with 4b and 6a with or without plasma treatment 
in the absence or presence of MSH. The test compounds showed synergic effect and 
increase in melanin synthesis with plasma treatment and/or MSH addition. The cel-
lular melanin content was detected as 125% and 156% with respect to normalized 
100% control by the treatment of 4b (35 μg/mL) and 4b (35 μg/mL) + MSH, respec-
tively (Fig. 22.8). This increase in melanin content was verified by visual test as 
shown in Fig. 22.9. Moreover, the melanin was increased to 125% and 143% and 
188% with 4b (35 μg/mL), 10 min plasma treated 4b (35 μg/mL), and 4b (35 μg/
mL) + MSH exposure, respectively (Fig. 22.8). Similar trend in melanin stimulation 
was observed with 6b compound with or without plasma treatment in the presence 
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or absence of MSH (Fig. 22.10). To understand the mechanism of melanin activa-
tion by ED and PAED, the intracellular ROS and cAMP pathway was investigated.

The intracellular ROS was increased with the incubation of 4b and 6a compounds 
with B16F10 cells. Interestingly, more increase in intracellular ROS with PAED 
(4b, 6a) than ED (4b, 6a) was measured. However, 4b showed more increase in 
intracellular ROS than 6b with and without plasma treatment (Fig. 22.11).
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Fig. 22.10 Intracellular melanin measurement. B16F10 cells were incubated with various con-
centrations of as-synthesized 6a in the (a) absence and (b) presence of α-MSH and melanin was 
detected. Moreover, B16F10 cells were also incubated with plasma-treated 6a in the (c) absence 
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To explore the mechanism further, cAMP level was quantified in B16F10 cells. 
The cAMP expression was increased with as synthesized 4b and 6a treatment. 
However, the cAMP expression was enhanced even more with plasma treated com-
pounds (4b and 6a), and MSH treatment (Fig. 22.12). In general, the level of cAMP 
expression was higher for 4b than 6a at tested concentrations in the presence or 
absence of MSH.  Moreover, western blot analysis showed higher expression of 
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MITF and TRP1 with ED and PAED (4b or 6a) treatment (Fig. 22.13). The MITF 
and TRP1 expression was more for PAED than ED (4b and 6a). However, no signifi-
cant change in cellular tyrosinase expression was observed after incubation with ED 
and PAED.

The present results confirmed enhanced intracellular ROS with increasing con-
centration of test compound 4a and 6b (Fig. 22.11). The increased cellular ROS 
level activates the cAMP pathway, up-regulating the MITF and TRP1 expressions 
(Figs.  22.12 and 22.13), that eventually trigger the melanin synthesis in cells. 
Interestingly, higher expression of cAMP, MITF and TRP1 was observed for PAED 
than ED which could be the responsible for higher melanin synthesis in cells incu-
bated with PAED (4b and 6a). Hence, this work confirmed that plasma activated 
eugenol derivatives (4b and 6a) have ability to increase their cellular melanogenic 
activity, suggesting important application to treat hypo-pigmentation and related 
disorders in future.

Interestingly, CAP itself in the form of plasma activated solutions (PAS) found 
to increase melanin content in vitro and in vivo animal models. The long term results 
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of these studies will certainly promising to go ahead preparing randomized clinical 
trials in plasma medicine and regulate melanogenesis which may help to control 
hyper or hypo pigmentation problems in future.

 Conclusion
Skin pigmentation and its disorders till date remains in the crossroads of the 
laboratory and the clinics. Several mutations caused pigmentation disorder are 
phenotypically very intense but till now not fully characterized, however they 
give information about basic genetic and developmental mechanisms and pro-
vide crucial evidences about the process of photoprotection, cancer susceptibility 
and human evolution [176]. Technological advancement make targeted knock-
outs of certain genes responsible for pigmentation disorder that also spare 
embryonic lethality for vital genes showed elucidation of genetic regulators of 
pigmentation.

In this chapter an endeavor has been made to describe the mechanism of mel-
anin formation and its correlation with the enzymatic process involved with 
experimental and clinical observation on melanin pigmentation. Presence of 
hypermelanin and hypomelanin causes malignancies in skin and likely to be 
most preventable. UVR is the most common known environmental carcinogen 
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present which cause skin cancer in considerable fraction which is mainly caused 
because of sun-seeking activities in today’s society. The role of pigmentation and 
the genetic diseases associated with them provide us the opportunities to improve 
our understanding of melanocytic contributions to pigmentation disorders. There 
are still many pigmentary disorders which is still completely unknown. Most of 
the skin diseases described showed the resembled symptoms to each other but 
the pathogenesis leading from altered gene to mutated protein to the clinical 
phenotype is still not clearly understood. According to the almost daily new 
research it is likely that our knowledge of the genes involved in pigmentary dis-
orders will grow drastically in the near future. Through their aesthetical effect, 
pigmentary disorders are a recurrent therapeutic demand in dermatology. Cold-
atmospheric plasma promisingly can be used to treat pigmentary disorder in 
future and may be used along with novel nanocompounds or natural products to 
increase their efficacy, for better drug delivery and hence available for treating 
skin syndromes. Although there are numerous therapeutic options are available 
but results are often difficult to obtained from them. The improved and better 
understanding of the molecular mechanisms responsible for these pigmentary 
changes and introduction of some new hormonal, immune enhancer medication 
will bring new therapeutic approaches for the pigmentary disorders.

Conflict of Interest The authors declare no conflict of interest.

Funding This work was supported by a grant from the National Research Foundation of Korea 
(NRF), which is funded by the Korean Government, Ministry of Science, ICT and Future Planning 
(MSIP), (NRF- 2016K1A4A3914113) and Kwangwoon University in 2017.

References

 1. Deng L, Xu S.  Adaptation of human skin color in various populations. Hereditas. 
2017;15:155–61.

 2. Kim HJ, Yong HI, Park S, Kim K, Kim TH, Choe W, Jo C.  Effect of atmospheric pres-
sure dielectric barrier discharge plasma on the biological activity of naringin. Food Chem. 
2014;160:241–5.

 3. Kobayashi T, Vieira WD, Potterf B, Sakai C, Imokawa G, Hearing VJ. Modulation of mela-
nogenic protein expression during the switch from eu- to pheomelanogenesis. J Cell Sci. 
1995;108:2301–9.

 4. Busca R, Ballotti R. Cyclic AMP a key messenger in the regulation of skin pigmentation. 
Pigment Cell Res. 2000a;13:60–9.

 5. Steingrímsson E, Copeland NG, Jenkins NA. Melanocytes and the microphthalmia transcrip-
tion factor network. Annu Rev Genet. 2004;38:365–411.

 6. Bertolotto C, Abbe P, Hemesath TJ, Bille K, Fisher DE, Ortonne JP, Ballotti R. Microphthalmia 
gene product as a signal transducer in cAMP-induced differentiation of melanocytes. J Cell 
Biol. 1998;142:827–35.

 7. Yasumoto K, Yokoyama K, Takahashi K, Tomita Y, Shibahara S.  Functional analysis of 
microphthalmia-associated transcription factor in pigment cell-specific transcription of the 
human tyrosinase family genes. J Biol Chem. 1997;272:503–9.

M. Adhikari et al.



393

 8. Yavuzer U, Keenan E, Lowings P. The Microphthalmia gene product interacts with the retino-
blastoma protein in vitro and is a target for deregulation of melanocyte-specific transcription. 
Oncogene. 1995;10:123–34.

 9. Verschoore M, Gupta S, Sharma VK, Ortonne JP. Determination of melanin and haemoglobin 
in the skin of idiopathic cutaneous hyperchromia of the orbital region (ICHOR): a study of 
Indian patients. J Cutan Aesthet Surg. 2012;5:176–82.

 10. Solano F.  Melanins: skin pigments and much more—types, structural models, biological 
functions, and formation routes. New J Sci. 2014;498276:1–28.

 11. Nishimura EK. Melanocyte stem cells: a melanocyte reservoir in hair follicles for hair and 
skin pigmentation. Pigment Cell Melanoma Res. 2011;24:401–10.

 12. Ortonne JP, et al. PUVA-induced repigmentation of vitiligo: scanning electron microscopy of 
hair follicles. J Invest Dermatol. 1980;74:40–2.

 13. Staricco RG. Amelanotic melanocytes in the outer sheath of the human hair follicle and their 
role in the repigmentation of regenerated epidermis. Ann NY Acad Sci. 1963;100:239–55.

 14. Paul M, Jennifer R. Radiative relaxation quantum yields for synthetic eumelanin. Photochem 
Photobiol. 2007;79:211–6.

 15. Vandamme M. Antitumor effect of plasma treatment on U87 glioma xenografts: preliminary 
results. Plasma Process Polym. 2010;7:264–73.

 16. Fridman A.  Plasma chemistry. CambridgeCambridge University Press 2008. https://doi.
org/10.1017/CBO9780511546075.

 17. Graves DB.  Low temperature plasma biomedicine: a tutorial review. Phys Plasmas. 
2014;21:080901.

 18. Lee A, Lin A, Shah K, Singh H, Miller V, Rao SG. Optimization of non-thermal plasma treat-
ment in an in vivo model organism. PLoS One. 2016;11:e0160676.

 19. Fathollah S, Mipour S, Mansouri P, Dehpour AR, Ghoranneviss M, Rahimi N, Naraghi 
ZS, Chalangari R, Chalangari KM. Investigation on the effects of the atmospheric pressure 
plasma on wound healing in diabetic rats. Sci Rep. 2016;6:19144.

 20. Keidar M. Plasma for cancer treatment. Plasma Sources Sci Technol. 2015;24:33001.
 21. Sladek REJ. Plasma treatment of dental cavities: a feasibility study. IEEE Trans Plasma Sci. 

2004;32:2002–5.
 22. Ali A, Ashraf Z, Kumar N, Rafiq M, Jabeen F, Park JH, Choi KH, Lee S, Seo SY, Choi EH, 

Attri P. Influence of plasma-activated compounds on melanogenesis and tyrosinase activity. 
Sci Rep. 2016;6:21779.

 23. Rees JL. The melanocortin 1 receptor (MC1R): more than just red hair. Pigment Cell Res. 
2000;13:135–40.

 24. Slominski A, Paus R. Are l-tyrosine and l-dopa hormone-like bioregulators. J Theor Biol. 
1990;143:123–38.

 25. Tadokoro R, Takahashi Y. Intercellular transfer of organelles during body pigmentation. Curr 
Opin Genet Dev. 2017;45:132–8.

 26. Wang Y, Viennet C, Robin S, Berthon JY, He L, Humbert P. Precise role of dermal fibroblasts 
on melanocyte pigmentation. J Dermatol Sci. 2017;S0923-1811(17):30082–8.

 27. Diniz GB, Bittencourt JC. The melanin-concentrating hormone as an integrative peptide driv-
ing motivated behaviors. Front Syst Neurosci. 2017;11:32.

 28. Hearing VJ, Tsukamoto K.  Enzymatic control of pigmentation in mammals. FASEB J. 
1991;5:2902–9.

 29. Lerner AB, Fitzpatrick TB. Biochemistry of melanin formation. Physiol Rev. 1950;30:1–126.
 30. Mason HS. The chemistry of melanin. III. Mechanism of the oxidation of dihydroxyphenyl-

alanine by tyrosinase. J Biol Chem. 1948;172:83–98.
 31. Pawelek JM, Korner AM. The biosynthesis of mammalian melanin. Am Sci. 1982;70:136–45.
 32. Prota G. Melanins and melanogenesis. New York: Academic; 1992.
 33. Prota G.  The chemistry of melanins and melanogenesis. Fortsch Chem Organ Nat. 

1995;64:93–148.

22 Perspective in Pigmentation Disorders

https://doi.org/10.1017/CBO9780511546075
https://doi.org/10.1017/CBO9780511546075


394

 34. Hearing V. The melanosome: the perfect model for cellular responses to the environment. 
Pigment Cell Res. 2000;13:23–34.

 35. Matsunaga J, Sinha D, Solano F, Santis C, Wistow G, Hearing V. Macrophage migration inhib-
itory factor (MIF)—its role in catecholamine metabolism. Cell Mol Biol. 1999;45:1035–40.

 36. Rosengren E, Bucala R, Aman P, Jacobsson L, Odh G, Metz CN, Rorsman H. The immuno-
regulatory mediator macrophage migration inhibitory factor (MIF) catalyzes a tautomeriza-
tion reaction. Mol Med. 1996;2:143–9.

 37. Schallreuter KU, Lemke KR, Hill HZ, Wood JM. Thioredoxin reductase induction coincides 
with melanin biosynthesis in brown and black guinea pigs and in murine melanoma cells. J 
Invest Dermatol. 1994;103:820–4.

 38. Slominski A, Paus R.  Towards defining receptors for l-tyrosine and l-DOPA.  Mol Cell 
Endocrinol. 1994;99:C7–C11.

 39. Slominski A, Pruski D. L-DOPA binding sites in rodent melanoma cells. Biochem Biophys 
Acta. 1992;1139:324–8.

 40. Slominski A. POMC gene expression in hamster and mouse melanoma cells. FEBS Lett. 
1991;291:165–8.

 41. Lin JY, Fisher DE. Melanocyte biology and skin pigmentation. Nature. 2007;445:843–50.
 42. Herraiz C, Garcia-Borron JC, Jiménez-Cervantes C, Olivares C. MC1R signaling. Intracellular 

partners and pathophysiological implications. Biochim Biophys Acta. 2017;1863(10 Pt 
A):2448–61.

 43. Haddadeen C, Lai C, Cho SY, Healy E. Variants of the melanocortin-1 receptor: do they mat-
ter clinically? Exp Dermatol. 2015;24:5–9.

 44. Kollias N. The spectroscopy of human melanin pigmentation in melanin: its role in human 
photoprotection. Valdenmar; 1995. pp. 31–8.

 45. de Gruijl FR.  UV adaptation: pigmentation and protection against overexposure. Exp 
Dermatol. 2017;26:557–62.

 46. Chedekel MR.  Photochemistry and photobiology of epidermal melanins. Photochem 
Photobiol. 1982;35:881–5.

 47. Mitra D, Luo X, Morgan A. An ultraviolet-radiation independent pathway to melanoma car-
cinogenesis in the red hair/fair skin. Nature. 2012;491:449–53.

 48. Hill HZ.  The function of melanin or six blind people examine an elephant. BioEssays. 
1992;14:49–56.

 49. Wang Z, Dillon J, Gaillard ER. Antioxidant properties of melanin in retinal pigment epithe-
lial cells. Photochem Photobiol. 2006;82:474–9.

 50. Sarangarajan R, Apte SP. Melanization and phagocytosis: implications for age related macu-
lar degeneration. Mol Vis. 2005;11:482–90.

 51. Meyer zum Gottesberge AM. Physiology and pathophysiology of inner ear melanin. Pigment 
Cell Res. 1988;1:238–49.

 52. Gonzalez-Santoyo I, Cordoba-Aguilar A.  Phenoloxidase: a key component of the insect 
immune system. Entomol Exp Appl. 2012;142:1–16.

 53. Nappi AJ, Vass E. Melanogenesis and the generation of cytotoxic molecules during insect 
cellular immune reactions. Pigment Cell Res. 1993;6:117–26.

 54. Lee H, Dellatore SM, Miller WM, Messersmith PB. Mussel-inspired surface chemistry for 
multifunctional coatings. Science. 2007;318:426–30.

 55. Abbas M, Amico FD, Morresi L, et al. Structural, electrical, electronic and optical properties 
of melanin films. Eur Phys J E Soft Matter. 2009;28:285–91.

 56. Bothma JP, de Boor J, Divakar U, Schwenn PE, Meredith P. Device-quality electrically con-
ducting melanin thin films. Adv Mater. 2008;20:3539–42.

 57. Apte M, Girme G, Bankar A, RaviKumar A, Zinjarde S. 3,4-dihydroxy-L-phenylalanine-
derived melanin from Yarrowia lipolytica mediates the synthesis of silver and gold nanostruc-
tures. J Nanobiotech. 2013;11:1–9.

 58. Robins AH. Biological perspectives on human pigmentation. Cambridge, NY: Cambridge 
University Press; 1991.

M. Adhikari et al.



395

 59. Lees FC, Byard PJ. Skin colorimetry in Belize. I. Conversion formulae. Am J Phys Anthropol. 
1978;48:515–22.

 60. Lees FC, Byard PJ, Relethford JH. New conversion formulae for light-skinned populations 
using photovolt and E.E.L. reflectometers. Am J Phys Anthropol. 1979;51:403–8.

 61. Hunter RS. Photoelectric tristimulus colorimetry with three filters. Circular of the National 
Bureau of Standards C429. J Opt Soc Am. 1942;32:509–38.

 62. Stamatas GN, Zmudzka BZ, Kollias N, Beer JZ. Non-invasive measurements of skin pigmen-
tation in situ. Pigment Cell Res. 2004;17:618–26.

 63. Diffey BL, Oliver RJ, Farr PM. A portable instrument for quantifying erythema induced by 
ultraviolet radiation. Br J Dermatol. 1984;3:663–72.

 64. Kollias N, Sayer RM, Zeise L, Chedekel MR.  Photoprotection by melanin. J Photochem 
Photobiol B Biol. 1991;9:135–60.

 65. Shriver MD, Parra EJ. Comparison of narrow-band reflectance spectroscopy and tristimulus 
colorimetry for measurements of skin and hair color in persons of different biological ances-
try. Am J Phys Anthrop. 2000;112:17–27.

 66. Kollias N, Baqer A.  Spectroscopic characteristics of human melanin in vivo. J Invest 
Dermatol. 1985;85:38–42.

 67. Kollias N, Baqer AH. Absorption mechanism of human melanin in the visible, 400-720 nm. 
J Invest Dermatol. 1987;89:384–8.

 68. Chaplin G. Geographic distribution of environmental factors influencing human skin color-
ation. Am J Phys Anthropol. 2004;125:292–302.

 69. Jablonski NG, Chaplin G.  The evolution of human skin coloration. J Hum Evol. 
2000;39:57–106.

 70. Mason HS, Ingram DJE, Allen B.  The free radical property of melanins. Arch Biochem 
Biophys. 1960;86:225–30.

 71. Meredith P, Sarna T. The physical and chemical properties of eumelanin. Pigment Cell Res. 
2006;19:572–94.

 72. Fligge M, Solanki SK.  The solar spectral irradiance since 1700. Geophys Res Lett. 
2000;27:2157–60.

 73. Kane RP.  Mismatch between variations of solar indices, stratospheric ozone and UV-B 
observed at ground. J Atmos Sol Terr Phys. 2002;64:2063–74.

 74. Kimlin MG. The climatology of vitamin D producing ultraviolet radiation over the United 
States. J Steroid Biochem Mol Biol. 2004;89-90:479–83.

 75. Webb AR, Kline L, Holick MF. Influence of season and latitude on the cutaneous synthesis of 
vitamin D3: exposure to winter sunlight in Boston and Edmonton will not promote vitamin 
D3 synthesis in human skin. J Clin Endocrinol Metab. 1988;67:373–8.

 76. Webb AR. Who, what, where and when–influences on cutaneous vitamin D synthesis. Prog 
Biophys Mol Biol. 2006;92:17–25.

 77. Goor Y, Rubinstein A.  Vitamin D levels in dark skinned people. Israel J Med Sci. 
1995;31:237–8.

 78. Holick MF. Photosynthesis of vitamin D in the skin: effect of environmental and life-style 
variables. Fed Proc. 1987;46:1876–82.

 79. Skull SA, Ngeow JY, Biggs BA, Street A, Ebeling PR. Vitamin D deficiency is common and 
unrecognized among recently arrived adult immigrants from the Horn of Africa. Intern Med 
J. 2003;33:47–51.

 80. Vashi NA, Wirya SA, Inyang M, Kundu RV. Facial hyperpigmentation in skin of color: spe-
cial considerations and treatment. Am J Clin Dermatol. 2017;18:215–30.

 81. Mosher DB, Fitzpatrick TB. Piebaldism. Arch Dermatol. 1988;124:364–5.
 82. Spritz RA. Piebaldism, Waardenburg syndrome and related disorders of melanocyte develop-

ment. Semin Cutan Med Surg. 1997;16:15–23.
 83. Jimbow K, Fitzpatrick TB, Szabo G, Hori Y.  Congenital circumscribed hypomelanosis: a 

characterization based on electron microscopic study of tuberous sclerosis, nevus depigmen-
tosus, and piebaldism. J Invest Dermatol. 1975;64:50–62.

22 Perspective in Pigmentation Disorders



396

 84. Ezoe K, Holmes SA, Ho L, et  al. Novel mutations and deletions of the KIT (steel factor 
receptor) gene in human piebaldism. Am J Hum Genet. 1995;56:58–66.

 85. Fleischman RA, Saltman DL, Stastny V, et  al. Deletion of the c-kit protooncogene in the 
human developmental defect piebald trait. Proc Natl Acad Sci U S A. 1991;88:10885–9.

 86. Grabbe J, Welker P, Dippel E, et al. Stem cell factor, a novel cutaneous growth factor for mast 
cells and melanocytes. Arch Dermatol Res. 1994;287:78–84.

 87. Nishikawa S, Kusakabe M, Yoshinaga K, et al. Inutero manipulation of coat color formation 
by a monoclonal anti-c-kit antibody: two distinct waves of c-kit-dependency during melano-
cyte development. EMBO J. 1991;10:2111–8.

 88. Wang R, Shu S, Zhang Y, Luo W, Zhang X. Identification of a novel KIT mutation in a Chinese 
family affected with piebaldism. Zhonghua Yi Xue Yi Chuan Xue Za Zhi. 2016;33:637–40.

 89. Hasan S, Dinh K, Lombardo F, et al. Hypopigmentation in an African patient treated with 
imatinib mesylate: a case report. J Natl Med Assoc. 2003;95:722–4.

 90. Raanani P, Goldman JM, Ben-Bassat I. Challenges in oncology. Case 3. Depigmentation in a 
chronic myeloid leukemia patient treated with STI-571. J Clin Oncol. 2002;20:869–70.

 91. Robert C, Spatz A, Faivre S, et  al. Tyrosine kinase inhibition and grey hair. Lancet. 
2003;361:1056.

 92. El Kouarty H, Dakhama BS. Piebaldism: a pigmentary anomaly to recognize: about a case 
and review of the literature. Pan Afr Med J. 2016;14:155.

 93. Hart J, Miriyala K.  Neural tube defects in Waardenburg syndrome: A case report and 
review of the literature. Am J Med Genet A. 2017;173(9):2472–7. https://doi.org/10.1002/
ajmg.a.38325.

 94. Hageman MJ, Delleman JW. Heterogeneity in Waardenburg syndrome. Am J Hum Genet. 
1977;29:468–85.

 95. Liu XZ, Newton VE, Read AP. Waardenburg syndrome type II: phenotypic findings and diag-
nostic criteria. Am J Med Genet. 1995;55:95–100.

 96. Kaplan P, de Chaderevian JP. Piebaldism-Waardenburg syndrome: histopathologic evidence 
for a neural crest syndrome. Am J Med Genet. 1988;31:679–88.

 97. Ortonne JP.  Piebaldism, Waardenburg’s syndrome, and related disorders. “Neural crest 
depigmentation syndromes?”. Dermatol Clin. 1988;6:205–16.

 98. Baldwin CT, Hoth CF, Macina RA, et al. Mutations in PAX3 that cause Waardenburg syndrome 
type I: ten new mutations and review of the literature. Am J Med Genet. 1995;58:115–22.

 99. Baldwin CT, Lipsky NR, Hoth CF, et al. Mutations in PAX3 associated with Waardenburg 
syndrome type I. Hum Mutat. 1994;3:205–11.

 100. Hoth CF, Milunsky A, Lipsky N, et al. Mutations in the paired domain of the human PAX3 
gene cause Klein-Waardenburg syndrome (WS-III) as well as Waardenburg syndrome type I 
(WS-I). Am J Hum Genet. 1993;52:455–62.

 101. Tassabehji M, Read AP, Newton VE, et al. Mutations in the PAX3 gene causing Waardenburg 
syndrome type 1 and type 2. Nat Genet. 1993;3:26–30.

 102. Wollnik B, Tukel T, Uyguner O, et al. Homozygous and heterozygous inheritance of PAX3 
mutations causes different types of Waardenburg syndrome mutations in the PAX3 gene 
causing Waardenburg syndrome type 1 and type 2. Am J Med Genet. 2003;122A:42–5.

 103. Goulding MD, Lumsden A, Gruss P. Signals from the notochord and floor plate regulate the 
region-specific expression of two Pax genes in the developing spinal cord. Development. 
1993;117:1001–16.

 104. Watanabe A, Takeda K, Ploplis B, et al. Epistatic relationship between Waardenburg syn-
drome genes MITF and PAX3 mutations in PAX3 that cause Waardenburg syndrome 
type I ten new mutations and review of the literature mutations in PAX3 associated with 
Waardenburg syndrome type I mutations in the paired domain of the human PAX3 gene cause 
Klein-Waardenburg syndrome (WS-III) as well as Waardenburg syndrome type I (WS-I). Nat 
Genet. 1998;18:283–6.

 105. McGill GG, Horstmann M, Widlund HR, et al. Bcl2 regulation by the melanocyte master reg-
ulator Mitf modulates lineage survival and melanoma cell viability. Cell. 2002;109:707–18.

M. Adhikari et al.

https://doi.org/10.1002/ajmg.a.38325
https://doi.org/10.1002/ajmg.a.38325


397

 106. Shah KN, Dalal SJ, Desai MP, et  al. White forelock, pigmentary disorder of irides, and 
long segment Hirschsprung disease: possible variant of Waardenburg syndrome. J Pediatr. 
1981;99:432–5.

 107. Bogdanova-Mihaylova P, Alexander MD, Murphy RP, Murphy SM.  Waardenburg syn-
drome: a rare cause of inherited neuropathy due to SOX10 mutation. J Peripher Nerv Syst. 
2017;22(3):219–23. https://doi.org/10.1111/jns.12221.

 108. Edery P, Attie T, Amiel J, et  al. Mutation of the endothelin-3 gene in the Waardenburg-
Hirschsprung disease (Shah-Waardenburg syndrome). Nat Genet. 1996;12:442–4.

 109. McCallion AS, Chakravarti A. EDNRB/EDN3 and Hirschsprung disease type II. Pigment 
Cell Res. 2001;14:161–9.

 110. Pingault V, Bondurand N, Lemort N, et  al. A heterozygous endothelin 3 mutation in 
Waardenburg-Hirschsprung disease: is there a dosage effect of EDN3/EDNRB gene muta-
tions on neurocristopathy phenotypes? J Med Genet. 2001;38:205–9.

 111. Pingault V, Bondurand N, Kuhlbrodt K, et al. SOX10 mutations inpatients with Waardenburg-
Hirschsprung disease. Nat Genet. 1998;18:171–3.

 112. Chan KK, Wong CK, Lui VC, et al. Analysis of SOX10 mutations identified in Waardenburg-
Hirschsprung patients: differential effects on target gene regulation. J Cell Biochem. 
2003;90:573–85.

 113. Paratore C, Goerich DE, Suter U, et al. Survival and glial fate acquisition of neural crest cells 
are regulated by an interplay between the transcription factor Sox10 and extrinsic combinato-
rial signaling. Development. 2001;128:3949–61.

 114. Arveiler B, Lasseaux E, Morice-Picard F. Clinical and genetic aspects of albinism. Presse 
Med. 2017;46(7-8 Pt 1):648–54.

 115. Barton DE, Kwon BS, Francke U.  Human tyrosinase gene, mapped to chromosome 11 
(q14-q21), defines second region of homology with mouse chromosome 7. Genomics. 
1988;3:17–24.

 116. Oetting WS, King RA. Molecular basis of albinism: mutations and polymorphisms of pig-
mentation genes associated with albinism. Hum Mutat. 1999;13:99–115.

 117. Boissy RE, Nordlund JJ. Molecular basis of congenital hypopigmentary disorders in humans: 
a review. Pigment Cell Res. 1997;10:12–24.

 118. Chintamaneni CD, Ramsay M, Colman MA, et al. Mapping the human CAS2 gene, the homo-
logue of the mouse brown (b) locus, to human chromosome 9p22-pter. Biochem Biophys Res 
Commun. 1991;178:227–35.

 119. Kobayashi T, Urabe K, Winder A, et al. Tyrosinase related protein 1 (TRP1) functions as a 
DHICA oxidase in melanin biosynthesis. EMBO J. 1994;13:5818–25.

 120. Newton JM, Cohen-Barak O, Hagiwara N, et al. Mutations in the human orthologue of the 
mouse underwhite gene (uw) underlie a new form of oculocutaneous albinism, OCA4. Am J 
Hum Genet. 2001;69:981–8.

 121. Incerti B, Cortese K, Pizzigoni A, et al. Oa1 knock-out: new insights on the pathogenesis of 
ocular albinism type 1. Hum Mol Genet. 2000;9:2781–8.

 122. Schachne JP, Glaser N, Lee SH, et al. Hermansky-Pudlak syndrome: case report and clinico-
pathologic review. J Am Acad Dermatol. 1990;22:926–32.

 123. Witkop CJ, Krumwiede M, Sedano H, et al. Reliability of absent platelet dense bodies as a 
diagnostic criterion for Hermansky-Pudlak syndrome. Am J Hematol. 1987;26:305–11.

 124. Martina JA, Moriyama K, Bonifacino JS.  BLOC-3, a protein complex contain-
ing the Hermansky-Pudlak syndrome gene products HPS1 and HPS4. J Biol Chem. 
2003;278:29376–84.

 125. Dell’Angelica EC, Shotelersuk V, Aguilar RC, et al. Altered trafficking of lysosomal proteins 
in Hermansky-Pudlak syndrome due to mutations in the beta 3A subunit of the AP-3 adaptor. 
Mol Cell. 1999;3:11–21.

 126. Sugita M, Cao X, Watts GF, et al. Failure of trafficking and antigen presentation by CD1 in 
AP-3-deficient cells. Immunity. 2002;16:697–706.

22 Perspective in Pigmentation Disorders

https://doi.org/10.1111/jns.12221


398

 127. Suzuki T, Li W, Zhang Q, et al. The gene mutated in cocoa mice, carrying a defect of organelle 
biogenesis, is a homologue of the human Hermansky-Pudlak syndrome-3 gene. Genomics. 
2001;78:30–7.

 128. Zhang Q, Zhao B, Li W, et al. Ru2 and Ru encode mouse orthologs of the genes mutated in 
human Hermansky-Pudlak syndrome types 5 and 6. Nat Genet. 2003;33:145–53.

 129. Li W, Zhang Q, Oiso N, et  al. Hermansky-Pudlak syndrome type 7 (HPS-7) results from 
mutant dysbindin, a member of the biogenesis of lysosome-related organelles complex 1 
(BLOC-1). Nat Genet. 2003;35:84–9.

 130. Tchernev VT, Mansfield TA, Giot L, et  al. The Chediak-Higashi protein interacts with 
SNARE complex and signal transduction proteins. Mol Med. 2002;8:56–64.

 131. Rogers SL, Karcher RL, Roland JT, et al. Regulation of melanosome movement in the cell 
cycle by reversible association with myosin V. J Cell Biol. 1999;146:1265–76.

 132. Bahadoran P, Aberdam E, Mantoux F, et al. Rab27a: a key to melanosome transport in human 
melanocytes. J Cell Biol. 2001;152:843–50.

 133. Menasche G, Ho CH, Sanal O, et  al. Griscelli syndrome restricted to hypopigmentation 
results from a melanophilin defect (GS3) or a MYO5A F-exon deletion (GS1). J Clin Invest. 
2003;112:450–6.

 134. Ahluwalia J, Correa-Selm LM, Rao BK.  Vitiligo: not simply a skin disease. Skin Med. 
2017;15:125–7.

 135. Alkhateeb A, Stetler GL, Old W, Talbert J, Uhlhorn C, Taylor M, et  al. Mapping of an 
autoimmunity susceptibility locus (AIS1) to chromosome 1p31.3–p32.2. Hum Mol Genet. 
2002;11:661–7.

 136. Fain PR, Gowan K, LaBerge GS, et al. A genomewide screen for generalized vitiligo: con-
firmation of AIS1 on chromosome 1p31 and evidence for additional susceptibility loci. Am J 
Hum Genet. 2003;72:1560–4.

 137. Rodrigues M, Ezzedine K, Hamzavi I, Pandya AG, Harris JE. Current and emerging treat-
ments for vitiligo. J Am Acad Dermatol. 2017;77:17–29.

 138. Calleja-Stafrace D, Vella C. Tuberous sclerosis associated with multiple hepatic lipomatous 
tumours. Images Paediatr Cardiol. 2016;18:1–4.

 139. Hurwitz S, Braverman IM. White spots in tuberous sclerosis. J Pediatr. 1970;77:587–94.
 140. Awan KJ. Leaf-shaped lesions of ocular fundus and white eyelashes in tuberous sclerosis. 

South Med J. 1982;75:227–38.
 141. Gutman I, Dunn D, Behrens M, et al. Hypopigmented iris spot. An early sign of tuberous 

sclerosis. Ophthalmology. 1982;89:1155–9.
 142. Sampson JR, Harris PC.  The molecular genetics of tuberous sclerosis. Hum Mol Genet. 

1994;3:1477–80.
 143. van Slegtenhorst M, de Hoogt R, Hermans C, et al. Identification of the tuberous sclerosis 

gene TSC1 on chromosome 9q34. Science. 1997;277:805–8.
 144. Benvenuto G, Li S, Brown SJ, et al. The tuberous sclerosis-1 (TSC1) gene product hamartin 

suppresses cell growth and augments the expression of the TSC2 product tuberin by inhibit-
ing its ubiquitination. Oncogene. 2000;19:6306–16.

 145. Zhang J, Li M, Yao Z. Molecular screening strategies for NF1-like syndromes with café-au-
lait macules (review). Mol Med Rep. 2016;14:4023–9.

 146. DeClue JE, Cohen BD, Lowy DR. Identification and characterization of the neurofibromato-
sis type 1 protein product. Proc Natl Acad Sci U S A. 1991;88:9914–8.

 147. Basu TN, Gutmann DH, Fletcher JA, et al. Aberrant regulation of ras proteins in malignant 
tumour cells from type 1 neurofibromatosis patients. Nature. 1992;356:713–5.

 148. Griesser J, Kaufmann D, Maier B, et  al. Post-transcriptional regulation of neurofibromin 
level in cultured human melanocytes in response to growth factors. J Invest Dermatol. 
1997;108:275–80.

 149. Innamorati G, Valenti MT, Giacomello L, Dalle Carbonare L, Bassi C. GNAS mutations: 
drivers or co-pilots? Yet, promising diagnostic biomarkers. Trends Cancer. 2016;2:282–5.

M. Adhikari et al.



399

 150. Schwindinger WF, Francomano CA, Levine MA.  Identification of a mutation in the gene 
encoding the alpha subunit of the stimulatory G protein of adenylyl cyclase in McCune-
Albright syndrome. Proc Natl Acad Sci U S A. 1992;89:5152–6.

 151. Passeron T, Bahadoran P, Bertolotto C, et al. Cyclic AMP promotes a peripheral distribu-
tion of melanosomes and stimulates melanophilin/Slac2-a and actin association. FASEB J. 
2004;18:989–91.

 152. Ogbechie-Godec OA, Elbuluk N. Melasma: an up-to-date comprehensive review. Dermatol 
Ther (Heidelb). 2017;7(3):305–18. https://doi.org/10.1007/s13555-017-0194-1.

 153. Sardana K, Ghunawat S. Lasers for Lentigines, from Q-Switched to Erbium-Doped Yttrium 
Aluminium Garnet Micropeel, is There A Need to Reinvent the Wheel? J Cutan Aesthet Surg. 
2015;8:233–5.

 154. Ghosh SK, Majumdar B, Rudra O, Chakraborty S. LEOPARD syndrome. Dermatol Online J. 
2015;21:13030/qt2d55s0t1.

 155. Gorlin RJ, Anderson RC, Blaw M.  Multiple lentigines syndrome. Am J Dis Child. 
1969;117:652–62.

 156. Digilio MC, Conti E, Sarkozy A, et  al. Grouping of multiple-lentigines/LEOPARD and 
Noonan syndromes on the PTPN11 gene. Am J Hum Genet. 2002;71:389–94.

 157. Jenne DE, Reimann H, Nezu J, et al. Peutz-Jeghers syndrome is caused by mutations in a 
novel serine threonine kinase. Nat Genet. 1998;18:38–43.

 158. Mehenni H, Blouin JL, Radhakrishna U, et al. Peutz-Jeghers syndrome: confirmation of link-
age to chromosome 19p13.3 and identification of a potential second locus, on 19q13.4. Am J 
Hum Genet. 1997;61:1327–34.

 159. Miyamura Y, Suzuki T, Kono M, et al. Mutations of the RNA-specific adenosine deaminase 
gene (DSRAD) are involved in dyschromatosis symmetrica hereditaria. Am J Hum Genet. 
2003;73:693–9.

 160. Millet A, Martin AR, Ronco C, Rocchi S, Benhida R. Metastatic melanoma: insights into the 
evolution of the treatments and future challenges. Med Res Rev. 2017;37:98–148.

 161. Balch CM, Gershenwald JE, Soong SJ, et al. Final version of 2009 AJCC melanoma staging 
and classification. J Clin Oncol. 2009;27:6199–206.

 162. Lui P, Cashin R, Machado M, et al. Treatments for metastatic melanoma: synthesis of evi-
dence from randomized trials. Cancer Treat Rev. 2007;33:665–80.

 163. Eggermont AM, Schadendorf D. Melanoma and immunotherapy. Hematol Oncol Clin North 
Am. 2009;23:547–64.

 164. Albino AP, Nanus DM, Mentle IR, et  al. Analysis of ras oncogenes in malignant mela-
noma and precursor lesions: correlation of point mutations with differentiation phenotype. 
Oncogene. 1989;4:1363–74.

 165. Tsao H, Goel V, Wu H, et al. Genetic interaction between NRAS and BRAF mutations and 
PTEN/MMAC1 inactivation in melanoma. J Invest Dermatol. 2004;122:337–41.

 166. Sharpless E, Chin L. The INK4a/ARF locus and melanoma. Oncogene. 2003;22:3092–8.
 167. Curtin JA, Busam K, Pinkel D, et al. Somatic activation of KIT in distinct subtypes of mela-

noma. J Clin Oncol. 2003;24:4340–6.
 168. Van Raamsdonk CD, Bezrookove V, Green G, et al. Frequent somatic mutations of GNAQ in 

uveal melanoma and blue naevi. Nature. 2009;457:599–602.
 169. Hartmann A, Brocker EB, Becker JC.  Hypopigmentary skin disorders: current treatment 

options and future directions. Drugs. 2004;64:89–107.
 170. Njoo MD, Westerhof W, Bos JD, et al. A systematic review of autologous transplantation 

methods in vitiligo. Arch Dermatol. 1998;134:1543–9.
 171. Falabella R. Surgical therapies for vitiligo. Clin Dermatol. 1997;15:927–39.
 172. Guerra L, Capurro S, Melchi F, et al. Treatment of stable vitiligo by timed surgery and trans-

plantation of cultured epidermal autografts. Arch Dermatol. 2000;136:1380–9.

22 Perspective in Pigmentation Disorders

https://doi.org/10.1007/s13555-017-0194-1


400

 173. Yaar M, Gilchrest BA.  Vitiligo: the evolution of cultured epidermal autografts and other 
surgical treatment modalities. Arch Dermatol. 2001;137:348–59.

 174. Na GY, Seo SK, Choi SK.  Single hair grafting for the treatment of vitiligo. J Am Acad 
Dermatol. 1998;38:580–4.

 175. Keidar M, Walk R, Shashurin A, Srinivasan P, Sandler A, Dasgupta S, Ravi R, Guerrero-
Preston R, Trink B. Cold plasma selectivity and the possibility of a paradigm shift in cancer 
therapy. Br J Cancer. 2011;105:1295–301.

 176. Visscher MO. Skin color and pigmentation in ethnic skin. Facial Plast Surg Clin North Am. 
2017;25:119–25.

M. Adhikari et al.



401© Springer International Publishing AG, part of Springer Nature 2018
H.-R. Metelmann et al. (eds.), Comprehensive Clinical Plasma Medicine,  
https://doi.org/10.1007/978-3-319-67627-2_23

K. Masur, Ph.D. ()
Associated Research Group “Plasma Wound Healing”, Centre for Innovation Competence 
(ZIK) Plasmatis, Greifswald, Germany
e-mail: kai.masur@inp-greifswald.de

S. Bekeschus, Ph.D. 
Young Research Group “Plasma Redox Effects”, Centre for Innovation Competence  
(ZIK) Plasmatis, Greifswald, Germany

23Perspectives in Immunology  
of Wound Healing

Kai Masur and Sander Bekeschus

23.1  Immunology: A General Introduction

From the outset of life, the struggle for habitats and food resulted in a “friend foe” 
recognition early from the development of life. This competition for scarce resources 
was an important step in the development of multicellular organisms, which resulted in 
a division of competencies and thus a distribution of tasks between the different cell 
types. With the occurrence of free oxygen in the earth’s atmosphere, all living beings 
had to deal with this reactive molecule. In addition to the efficient use of oxygen for 
breathing, this has also led to the use of this highly reactive molecule as a weapon. In 
this context, the immune system developed, which comprises a complex network of 
organs, cells and molecules dissolved in the body fluids, all of which serve the defence 
of pathogens. A further task of the immune system consists, besides the combating of 
foreign organisms, also in the recognition of degenerated cells within the body, in order 
to eliminate them. This chapter will discuss the parallels between immune system 
responses and the effects of cold atmospheric pressure plasmas on cells and tissues.

23.2  The Immune System and Involved Cell Types

The defence mechanisms of the immune system are based not only on the functions 
of specialized cells, but begins with the purely mechanical protective function of the 
skin and mucosa, which is intended as a first barrier to prevent the penetration of 
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microorganisms, parasites or foreign bodies. When the microorganisms have bro-
ken the first line of defence the cellular and non-cellular (humoral) processes of 
immune defence will be activated. In general, the immune cells are subdivided into 
the innate (non-specific) and acquired (specific) defences, which differ not only in 
their function, but also on exactly how the intruders are combated (Table 23.1).

The family tree of immune cells (depicted in Fig.  23.1) includes cells of the 
acquired immune system like B- and T-Lymphocytes and cells of the innate immune 
system like granulocytes and macrophages. Especially the phagocytes like 

Table 23.1 Cellular and humoral immune system as well as innate and acquired defence 
mechanisms

Cellular immunity Humoral immunity
Innate immune system NK-cells

Granulocytes
Monocytes/macrophages

Cytokines
Lysozyme
Interferons

Acquired immune system B-lymphocytes
T-lymphocytes

Antibodies (Ab)
Immunoglobulin

myeloid progenitor cell

Thrombocytes Erythrocytes Granulocytes Monocytes NK-cells T-Lymphocytes

Plasma cell

Antibody

Memory T cell
Helper T cells

Cytotoxic T cells
Regulatory T Cells

Dendritic
cells

Macrophages

Neutrophil
Granulocytes

Basophil
Granulocytes

Eosinophil
Granulocytes

ROS

B-Lymphocytes

Stem cell in bone marrow
lymphoid progenitor cell

oxidative burst

Fig. 23.1 Presentation of the immune cell family tree. All human immune cells derive from stem 
cells of the bone marrow. After splitting into the lymphatic line (specific immune cells) and into 
the myeloid line (nonspecific immune cells), further steps of splitting and specialization follow. In 
particular, the neutrophil granulocytes and the macrophages are capable of generating reactive 
oxygen species (ROS)—a process called an oxidative burst
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neutrophil granulocytes and macrophages are capable of generating endogenous 
reactive oxygen species (ROS), which are responsible for the oxidative burst. In 
addition to the NK cells, the so-called phagocytes, such as granulocytes and macro-
phages, are the first wave of defence, which patrols in tissue and encounters the first 
intruding microorganisms’. The cells of the innate immune defence are not special-
ized in the recognition of specific microorganisms, but recognize general surface 
markers and are therefore always prepared. In the case microorganisms have over-
come the nonspecific part of the immune defence, cells of the acquired immune 
system come into play. These immune cells are activated due to the initial contact 
with the invading pathogens, leading to a maturation process and ultimately to 
increased proliferation of these specialized cells. Thus within a few days a large 
number of immunocompetent B- and T-cells can be formed, which then destroy the 
pathogens or begin the production of specific antibodies.

Both the innate as well as the specific immune system are supported by a large 
number of soluble substances, which are circulating through the blood and in other 
body fluids. These are primarily cytokines, interferons, enzymes and antibodies as 
well as free radicals. These soluble substances belong to the humoral defence (from 
“humor,” Latin: liquid). Both the innate as well as the acquired immune system 
therefore contain cellular and humoral defence strategies, which mutually support 
each other.

23.3  Reactive Species in Immune Defence

The neutrophilic granulocytes and macrophages are the most important representa-
tives of the innate defence system, which recognize debris (foreign bodies) or 
invaded microorganisms as foreign—and in a process designated as phagocytosis, 
they will take up and digest those particles and pathogens.

In most cases, the microorganisms that have penetrated are also recognized by the 
specific immune system, finally leading to the formation of antibodies (Ab), which 
in turn bind to these pathogens. Thereafter the Ab-labelled pathogens are recognized 
and absorbed by macrophages and granulocytes. This leads to an increased phagocy-
tosis rate with additional activation of the macrophages or neutrophil granulocytes. 
The uptake of the Ab-labelled microorganisms leads to the activation of various 
enzymes and bio-active proteins, such as lysozyme and lactoferrin, which then attack 
the bacterial proteins in the phagocytic cells. The activation of further enzymes leads 
to the release of reactive oxygen species (ROS) in specific vesicles (lysosomes) by 
phagocytes—Table 23.2. After the absorption, the pathogen-bearing vesicles (phago-
somes) are mixed with the enzyme and radical- loaded lysosomes, which ultimately 
leads to the killing of these pathogens. Therefore, macrophages triggering inflamma-
tion are called M1 macrophages, whereas those that counteract inflammation and 
trigger tissue repair are called M2 macrophages [1]. This difference is reflected in 
their metabolism; M1 macrophages have the unique ability to metabolize arginine to 
the “killer” molecule nitric oxide. But, other radicals and reactive oxygen species are 
also formed during these processes:
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Therefore, macrophages as well as neutrophil granulocytes are able to eliminate 
microorganisms by secretion of endogenously formed reactive species such as 
hydrogen peroxide or hydroxyl radicals. In activated macrophages and neutrophil 
granulocytes, the MPO content can account for up to 5% of the total cell protein 
content.

It should also be noted that the activated phagolysosomes do possess the neces-
sary enzymes such as catalase, superoxide dismutase or myeloperoxidase in order 
to break down the phagosomal contents after the uptake of pathogens. This pro-
cess is supported by the so-called oxidative burst: the endogenous production of 
diverse ROS by macrophages and neutrophil granulocytes representing a signifi-
cant part of the nonspecific defence. The central molecule in this defence mecha-
nism is the enzyme NADPH oxidase, which is capable of generating large amounts 
of superoxide radicals ·O2

−. The highly reactive ·O2
− as well as O—represent the 

starting point for the production of other ROS. One major source of ROS is the 
disproportionation catalysed by the enzyme superoxide dismutase resulting in the 
formation of hydrogen peroxide, which is considered a relatively stable reactive 
oxygen species—and a starting point for several other reactions. Both, in Fenton 
reaction (H2O2 reacts with Fe2 + Ions) as well as in the catalytic decomposition of 
the H2O2, the hydroxyl radical ·OH will be formed as a reaction product. The 
hydroxyl radical is capable of destroying a large number of biomolecules due to 
its high reactivity combined with a comparable long lifetime. Furthermore, the 
enzyme myeloperoxidase (MPO) catalyses the reaction of H2O2 with oxygen radi-
cals as well as chloride ions forming large amounts of hypochlorous acid/hypo-
chlorite ions (HClO/ClO−), which are capable to oxygenise bacterial components 
(Fig. 23.2). All this highly reactive ROS result in the degradation of internalized 
pathogens.

The bactericidal effects of phagolysosomes differ with cell types. Phagolysosomes 
in dendritic cells have weaker bactericidal properties than those in macrophages and 
neutrophils. Furthermore, the subdivisions of macrophages generate different reac-
tive species. Pro-inflammatory M1 macrophages produce more ROS and RNS than 
M2 macrophages. The phagolysosomes of M1 generate highly reactive nitric oxide 
(NO) by metabolizing arginine, while M2 produce ornithine out of arginine to foster 
cell proliferation and tissue repair [2].

Table 23.2 Overview of the major activities of activated phagocytes

Effects in activated phagocytes Released substances
Acidification H+ → pH < 4
Release of reactive oxygen 
species (ROS)

Hydrogen peroxide H2O2, superoxide ·O2
−, hydroxyl radical 

HO·, singlet-oxygen 1O2

Release of reactive nitrogen 
species (RNS)

Nitrogen monoxide NO

Induction of enzyme activities Lysozyme, lactoferrin
NADPH-oxidase (NOX), superoxide-dismutase (SOD), 
myeloperoxidase (MPO)
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23.4  Plasma Medicine, Cold Plasmas and Immune Cells

If one considers the repertoire of reactive oxygen species of the phagocytes, it is 
noticeable that these ROSs are identical to those identified in plasma medication as 
biologically active plasma components [3, 4]. Thus, it is not surprising that a plasma 
treatment of microorganisms is bactericidal, since other plasma components, such 
as UV radiation and ROS like hydroxyl radical HO·and H2O2 are also formed in 
relevant amounts. Together with acidification, this mixture of biological active 
agents can cause the killing of pathogens [5, 6]. On the other hand, it was shown that 
in human immune cells, hydrogen peroxide plays a central role in the mediation of 
plasma effects. However besides H2O2 other reactive oxygen species could also be 
identified, whose activity was not reduced by catalase [7].

Furthermore, it was found that not all immune cells have comparable sensitivi-
ties to treatment with cold plasma. It is known that lymphocytes have a lower toler-
ance limit to cold plasma, whereas macrophages have survived a longer plasma 
treatment without any damage. In addition, it was found that in principle the same 
intracellular signalling pathways were activated, but to a different extent or after 
different plasma treatment times [8]. Furthermore, adhesion molecules such as 
l-selectin, ICAM-1 and LFA-1alpha were shown to be downregulated by plasma 
treatment of lymphocytes [9], which also leads to immunomodulation of chilled 
plasma. On the other hand, the activation of heat shock proteins was only detected 
in the monocytes, displaying a protective mechanism completely lacking in lym-
phocytes [8].

Comparing those results with facts from immunology, it can be seen that the cells 
with endogenous ROS production are also more robust to a treatment with cold 
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Fig. 23.2 Overview of the 
generation of reactive 
species in phagocytes by 
redox enzymes. The main 
sources for reactive oxygen 
species are the enzymes 
NADPH oxidase (NOX), 
superoxide dismutase 
(SOD) and the 
myeloperoxidase (MPO), 
which are capable to form 
reactive oxygen species 
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− and H2O2 as well 
as ClO− based on reactions 
which are depending on 
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plasma. Thus, it can be stated that cold plasmas support and sometimes even imitate 
the function of the immune system. For this reason, it should be investigated further 
in the future whether cold plasma could be used to support an immune system that 
is affected by various diseases—ranging from type 2 diabetes to arteriosclerosis or 
neurodermatitis.

Also first data from clinical application of cold plasmas to treat chronic wounds 
provide hints that an activation of the immune systems is likely. In some case stud-
ies, wounds of otherwise incurable patients were treated with cold plasma by apply-
ing the Argon plasma jet kINPenMed® for 30–60 s/cm2 [For more details please 
refer to Chapter IV 4.1 (kINPenMed®, neoplas tools.)]. In some cases a light swell-
ing could be observed shortly after the plasma treatment—indicating a “turn on” of 
immune effects. In rare cases, patients had two wounds at two different legs. 
Figure 23.3 depicts the formerly incurable wounds one of these patients: a 71-year 
old male, who is suffering from chronic leg ulcers for almost 30 years. The wound 
on the right leg was treated with cold plasma and the remaining wound on the left 
leg just got the usual wound care. Besides the plasma treatment both wounds got 

Plasma treatment of right leg No plasma treatment of left leg
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Fig. 23.3 Two wounds of a 83-year old male patient. The upper row depicts the wounds at the 
beginning in April—left side plasma treated, right side not plasma treated. The pictures below 
display the current stage at the end of August 2017 of the plasma treated wound on the left side and 
the untreated wound to the right. Both formerly incurable wounds show wound healing effects—
indicating that plasma treatment might have induced immunogenic effects
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similar wound care—concerning bandages and rinsing solution, etc. The plasma 
treated wound displayed a significant improvement including a smaller wound size 
and a beginning of granulation after a few treatments. Surprisingly, 4 months after 
beginning of the plasma therapy the wound of the left leg—which was not plasma 
treated also showed improved healing—as shown in Fig. 23.3 lower right picture.

Since this patient was struggling with open incurable wounds for years, the 
application of plasma was causing wound healing by reducing the bacterial load, 
stimulating microcirculation and therefore increased the amount of oxygen und 
nutrition at the plasma treated area. There is a high likelihood that plasma mediated 
effects are responsible for the onset of wound healing, even in the untreated 
wounds—indicating a possible activation of the immune system. This type of 
plasma-based immunomodulation will be investigated more intensively in the 
future.

Furthermore, it has been observed that long-term plasma treatments lead to the 
induction of the programmed cell death (apoptosis). Depending on the treatment 
time, the respective tolerance threshold for reactive species (the antioxidative poten-
tial of a cell type) was exceeded, leading to increased oxidative stress and the activa-
tion of numerous apoptotic signalling pathways [8]. In the course of the plasma 
treatment, numerous cytokines and growth factors were found in immune cells as 
well as skin cells or fibroblasts [10]. In addition to a certain selectivity of the cold 
plasma against the different cell types, plasma could become an immune modulator 
through the release of messenger substances and signalling molecules. However, 
the temporary and locally acting ROS from cold plasma could also act as a chemoat-
tractant for immune cells guiding them to the location of the treatment [11] or may 
be used to stimulate skin cell proliferation [12]. This local restriction combined with 
short-term effects of cold plasmas could become interesting for possible application 
as a future immune modulator.

A further aspect of the plasma-induced apoptosis of cells could play a role in 
cancer treatment. It has already been shown in many cases various tumour cell lines 
can be driven into apoptosis by cold plasma treatment [13–15]. Recent projects are 

Cold plasmas contain biologically active components—mostly reactive oxy-
gen species (ROS), which also play an essential role in natural processes such 
as immune defence. Furthermore, those plasma generated ROS act commonly 
with other plasma components such as UV radiation, mild heat and electrical 
fields. These effects mediate an improved microenvironment by generating 
bactericidal conditions and positively influencing microcirculation in the 
plasma treated areas—further promoting increase oxygen saturation and an 
improved supply with nutrition. Therefore, cold plasmas are useful to support 
wound healing by accelerating cell proliferation and triggering as well as imi-
tating immune processes.
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working on combining this type of cancer treatment with an immune stimulation—
also described in Chap. 24 of this book in more details. The activation of immune 
cells in order to fight cancer is described as “immunogenic cell death.” Most of the 
agents normally inducing immunogenic cell death are targeting endoplasmic reticu-
lum (ER), leading to ER stress and production of reactive oxygen species. In 
“Immunogenic cell death,” phagocytes which are in contact with the plasma treated 
tumor cells will be able to fight the remaining tumor residues as activated immune 
cells subsequently [16].
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24.1  Introduction

Immunity tips the balance between health and disease [1]. This is well established for 
infectious diseases caused by viruses and bacteria [2]. If such pathogens evade or 
overwhelm the immune system, infection manifests as illness. The current view 
about many etiologies of cancer follows a similar logic. While cancer results from 
mutations in oncogenes, tumor suppressor genes, or other genes that maintain genetic 
stability, the mutated cells also have to overcome the immune surveillance and con-
trol to successfully establish malignancy [3]. This is concluded from the observation 
that immunosuppressed individuals have a much higher incidence of cancers than the 
average population [4]. The immune system is capable of detecting and removing 
non-infected but chronically diseased, stressed, and/or mutated cells [5].

On the other hand, manifesting cancers develop strategies to evade immune 
responses, both innate and adaptive, in multiple ways [6]. Accordingly, interfering 
with these manipulations is a valid therapeutic strategy and has recently become the 
major aim in oncology [7]. This is the field of cancer immunology. Mechanisms at 
work are complex, and this book chapter attempts to provide a basic background on 
that topic before addressing the potential role of the novel physical therapy of cold 
plasma in oncological context.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_24&domain=pdf
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24.2  Cancer Immunology and Immunogenic Cell Death

The three classical pillars of cancer treatment are surgery, radiotherapy (RT), and 
chemotherapy (CT). Since about a decade, immunotherapy has emerged as a fourth 
pillar. This fourth concept acknowledges the power of the immune system in eradi-
cating cancer. It has long been observed in RT that localized treatment on one spe-
cific tumor site decreased tumor burden at other, untreated sites on occasion [8]. The 
term “abscopal effect” describing remote effects was coined in 1953 to describe 
such an effect [9]. Today, it is known that under certain circumstances the body 
generates an antitumor immune response that culminates in the production of 
tumor-specific cytotoxic T lymphocytes that actively and selectively kill cancer 
cells [10]. Tumor-specificity is added to the system because malignant cells differ 
from non-malignant cells often in one or several ways: overexpression of protein 
with otherwise low abundance, expression of embryo-fetal proteins related to ontol-
ogy but not present in the developed host, and/or germline mutations leading to 
altered proteins unique to tumor cells [11]. The question is, how can this process be 
targeted to be selective against cancers, and what are the events necessary to mount 
an immune response directed against structures of the altered self? An added com-
plexity in the conventional treatments is the toxicity toward immune cells 
(Table 24.1) [12–15]. On the one hand, the eradication of immunosuppressive cells 
may be beneficial but there is also collateral damage of cells that may actively con-
trol tumor progression, thus forcing them to rely largely on the direct cytotoxic 
effects of these modalities. This in itself acts as an immunosuppressant due to mas-
sive release of tumor antigens in the microenvironment [16].

Two classical pathways of cell death are described to induce either tolerogenic 
(apoptosis) or immunogenic (necrosis) sequelae [17]. This view was challenged by 
a series of elegant experiments providing evidence that apoptosis in itself may be 
either tolerogenic or immunogenic with many facets in between [18]. This 

Table 24.1 Immunosuppressive effects of cancer therapies

Treatment Immune function Reference
Irradiation Lymphopenia [12]
Steroids Impaired DC differentiation or activation and NK-cell function, 

suppression of inflammation, T cell function
[13]

Surgery Resection of lymph nodes [14]
Chemotherapy Lymphopenia [15]

By spatiotemporal decision-making of attack, the immune system is key 
in etiology, progression, and outcome of infection, cancer, and disease.
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immunological outcome of dying cancer cells is determined by their recognition 
and phagocytosis by professional antigen presenting cells [19]. Immunogenicity of 
dying cancer cells is linked to the concurrent release of the so-called damage-asso-
ciated molecular patterns (DAMPs) [20]. The molecules act as danger signals to 
alert immune cells, regardless of the mode of cell death. If a tumor cell is phagocy-
tosed by a professional antigen-presenting cell, for example dendritic cells, it will 
be these context molecules determining whether the phagocyte will become acti-
vated or not. If activating ligands are present, dendritic cells will mature, and (cross-) 
present small fragments of tumor cells (peptides) to T lymphocytes [21]. 
Lymphocytes having a matching T cell receptor and receiving additional stimuli 
will then clonally expand, migrate to the periphery, and target all tumor cells bear-
ing that cognate antigen throughout the body. If these DAMPs are not emitted, then 
a tolerogenic response occurs which supports tumor growth and suppresses anti-
tumor immunity (Fig. 24.1) [22].

In the final analysis, two decisions guide antitumor immune response: (1) it is the 
context of cell death that matters, not the mode, and (2) larger differences in the 
tumor cell protein profile are thought to enhance its distingue from non-cancerous 
cells, adding specificity to the immune response [23].

TUMOR CELL

Radiation, PDT,
Specific
chemotherapeutics

Conventional
chemotherapy

No DAMPs

DAMP
Signals
(Calrecticulin,
ATP, HMGB1,
HSP90 etc.)

Tolerogenic Cell
Death

Tumor promotion,
Immunosuppression

Tumor-specific
T-cell response

Activated DC

Immunogenic
Cell Death

Fig. 24.1 Immunogenic vs. tolerogenic cell death and its consequences
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24.3  Systemic Immune Responses with  
Physical Cancer Treatments

Some chemotherapeutics exhibit strong ICD responses in tumor cells [24]. The 
idea of using a physical therapy to vaccinate the host against cancer cells thus may 
seem exotic at first glance [25]. However, cold plasma seamlessly aligns with tra-
ditional as well as new physical treatment modalities in oncotherapy [26]. With 
many cancer treatments, radiotherapy has been the standard of care for several 
decades now. Highly focused radiation is sent into the tumor, destroying cells 
locally, and thereby releasing immunogenic molecules [27]. This leads to “sterile” 
inflammation, and an immune response after radiotherapy has been found in sev-
eral irradiated patients either with or without combinational chemotherapy [28]. 
Another physical modality, electrochemotherapy (ECT), employs microsecond-
pulsed electrical fields locally at the tumor site following the local administration 
of low, non-effective dose of a chemotherapeutic. The advantage is that ECT avoids 
drug side effects usually seen with higher concentrations, and induces an antitumor 
immune response, though only in specific settings [29]. ECT uses medically certi-
fied pulse generators, and its efficacy was proven in large-scale clinical trials [30]. 
Currently, it is primarily being used in skin and breast cancer in the palliative set-
ting [31, 32]. An additional physico-chemical treatment modality for cancer is pho-
todynamic therapy (PDT) and has recently gained interest in dermato-oncology 
[33]. Here, a lipophilic photosensitizer, linked to targeting molecules is dispensed 
to the (tumor) tissue [34]. When the area is exposed to light of a specific wave-
length to energize the photosensitizer, it produces reactive oxygen and nitrogen 
species intracellularly, only in the targeted cells. Similar to ECT, PDT has been 
investigated for decades, and standardized and approved equipment and photosen-
sitizers are available for different indications in dermatology [35]. PDT causes 
tumor cell death, and elicits antitumor immune responses in preclinical models of 
cancer [36–38]. In a similar fashion, hyperthermia is proposed to enhance the 
immunogenicity of tumors [39]. Locally applied, it facilitates the release of heat-
shock proteins, a class of proteins known to be important in ICD [40]. Recently, 
high hydrostatic pressure was shown to induce ICD in tumor cells [41]. It was 
proposed that this procedure could be used to kill autologous tumor cells ex vivo in 
an immuno-stimulatory manner before feeding them to donor-derived dendritic 
cells [42]. When re-injected into the patient, the antigen-loaded dendritic cells 

In immunogenic cell death (ICD), a damaging incident causes a body 
cell’s death to be perceived as an endogenous danger signal (sterile 
inflammation). Together with different co-stimulatory molecular events, 
this elicits a cellular (T cells) and humoral (B cells) immune response, 
highly specific towards proteins and/or peptides present on or released by 
the initially damaged cell.
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would successfully elicit tumor-specific T cell responses leading to killing of tumor 
cells [43].

All five mentioned physical therapies are ICD inducers—and they fully or par-
tially involve generation of reactive oxygen and nitrogen species. Cold plasmas 
generate a plethora of such reactive species [44–46], and it seems not too farfetched 
to assume that plasma may establish antitumor immunity in a similar fashion. In 
fact, an important advantage of non-equilibrium plasma with respect to the other 
approaches is its mutiparametric controllability and tenability. It may therefore not 
only act as ICD trigger but at the same time facilitate stimulating effects on leuko-
cytes involved at generating immune responses. Electric fields and plasma poration 
have been observed with some plasma sources, suggesting a possible synergy with 
reactive species effects.

24.4  Plasma-Induced Immunogenic Cell Death (PICD): 
Current Tracks and Future Roads

Immunity is an important endogenous weapon fighting cancer. Cancer cell death 
needs to be immunogenic in order to elicit immune responses. Immunogenic cell 
death is observed in response to chemotherapy as well as physical therapies. Cold 
plasma is a physical therapy, and accumulating evidence indicates that it could 
become a crucial part of the cancer immunotherapy armament. Plasma treatment 
induced protein expression associated with an enhanced immunogenicity in leuke-
mia cells [47]. Plasma-killed tumor cells express calreticulin, ATP, and stress of 
endoplasmic reticulum, all hallmarks of ICD [48, 49]. This enhances macrophage- 
assisted tumor cellkilling in  vitro [50], primarily via soluble antitumor-factors 
released by the phagocytes [51]. Similar factors were found in immune cell-rich 
fractions of animals benefiting from plasma oncotherapy [52]. This corroborates our 
own data, extending on tumor-specific T cell responses in animals with plasma- 
treated tumors.

Plasma has distinct effects on isolated immune cell populations. It activates mac-
rophages for increased migratory activity [53]. Plasma also elicits extracellular trap 
formation in human neutrophils [54]. Ex vivo, myeloid cells such as neutrophils and 
monocytes/macrophages are much less prone to plasma-induced cytotoxic effects 
compared to lymphocytes [55–57]. Among several T lymphocyte subpopulations, a 

Physical treatment modalities are equally potent ICD inducers with 
fewer systemic side effects compared to chemotherapeutics in cancer 
therapy.

Cold Physical Plasma elicits immunogenic cell death in vitro and in vivo.
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specific memory T cell type important in tumor eradication proved to be most robust 
upon plasma treatment [58]. Yet, on a relative scale, lymphocytic cells seem much 
more sensitive to plasma treatment compared to scaffold and tumor cells [59]. Thus, 
plasma treatment may not only stimulate tumor-associated myeloid cells but also 
specifically select for lymphocyte subtypes in the tumor microenvironment.

At present, four key fields are subject to current or future investigation for plasma 
technology in cancer immunology (Fig. 24.2). Immunogenic cell death and its asso-
ciated generation of tumor-toxic T cells seems by far the most promising approach 
several groups in the field are following currently [60]. Second, research also 
focusses on the direct stimulatory effects of plasmas on leukocytes. This included, 
for example, the possibility to use plasmas for shifting the phenotype of tumor-
promoting macrophages towards a more pro-inflammatory differentiation state. The 
third and so-far untouched field deals with removing the immunosuppression that 
tumors frequently utilize to dampen immune response at and around the tumor site. 
Finally, plasma treatment may be used to kill patient-derived cancer cells, before 
feeding these cells to autologous dendritic cells. Upon tumor cell phagocytosis, 
these dendritic cells are added back to the patient to aid in generation of tumor-
specific cytotoxic T cells. Generally, this approach is under heavy investigation for 
many years now, with ambiguous success [61–63]. Since it became clear that 
ex vivo killed cancer cells should be of high immunogenicity, approaches have been 
refined recently [64].

Immune cell viability and functions are differentially affected by cold 
plasmas.

Immunogenic
cancer cell

death

Dendritic cell-
based

vaccines

Plasma and
cancer

Immunology

Direct
leukocyte

stimulation

Neutralize
immuno-

suppression

Fig. 24.2 Relevant and 
promising topics in the 
field of cold physical 
plasma oncotherapy and 
cancer immunology
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Plasmas likely will not eradicate large tumor masses by themselves but a combi-
natorial therapeutic regime with conventional chemotherapy, radiation, or even sur-
gery seems plausible. With current devices and treatment approaches, tumors that 
are easily accessible, as on the body surfaces, are the obvious targets. For deeper 
tumors, ICD is a necessity for durable responses; otherwise, plasma is not competi-
tive with existing therapies. Selectivity of therapies for cancer has always been a 
problem. They are invariably associated with collateral damage leading to acute and 
chronic toxicities that interfere with patient compliance. This is because of a com-
bination of mode of action of these agents and the route of delivery. Plasma is likely 
to face similar challenges but they are not expected to be a major hurdle to its adop-
tion. An advantage of plasma is the ability to operate the devices at different energy 
delivery settings for the induction of ICD or for direct ablation of the tumor cells. If 
used in conjunction with other treatment modalities, it could provide selectivity 
through use of sub therapeutic “doses” of multiple agents targeting the same path-
way. Regardless of the details of plasma application, the field is part of larger fields 
working for many decades on cancer-related issues (Fig.  24.3). With plasma 

Clinical Cancer 
Research

Oncology and
Immunology

Immunogenic
Cancer Cell

Death

Physical
Cancer

Therapies

Plasma
Oncotherapy

Fig. 24.3 The research field of cold plasma oncotherapy within the framework of research con-
cepts in clinically relevant tumor therapies
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oncotherapy, we are embedded within the physical treatment modalities eliciting 
immunogenic cell cancer death. This field is part of the research fields of oncology 
and immunology in general. These research communities are embedded within the 
framework of clinical cancer research, which includes several other aspects in 
patient care, such as nursing, palliation, and cancer prevention. This is important to 
keep in mind to understand the hurdles and chances of new therapies such as plasma 
in clinical therapies.

References

 1. Kramer A, Bekeschus S, Broker BM, Schleibinger H, Razavi B, Assadian O.  Maintaining 
health by balancing microbial exposure and prevention of infection: the hygiene hypothesis 
versus the hypothesis of early immune challenge. J Hosp Infect. 2013;83(Suppl 1):S29–34.

 2. Leliefeld PH, Wessels CM, Leenen LP, Koenderman L, Pillay J. The role of neutrophils in 
immune dysfunction during severe inflammation. Crit Care. 2016;20(1):73.

 3. Zitvogel L, Tesniere A, Kroemer G. Cancer despite immunosurveillance: Immunoselection 
and immunosubversion. Nat Rev Immunol. 2006;6(10):715–27.

 4. Penn I, Starzl TE. Malignant tumors arising de novo in immunosuppressed organ transplant 
recipients. Transplantation. 1972;14(4):407–17.

 5. Raulet DH, Guerra N. Oncogenic stress sensed by the immune system: role of natural killer 
cell receptors. Nat Rev Immunol. 2009;9(8):568–80.

 6. Abdollahi A, Folkman J. Evading tumor evasion: current concepts and perspectives of anti- 
angiogenic cancer therapy. Drug Resist Updat. 2010;13(1–2):16–28.

 7. Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, Lichtor T, Decker WK, Whelan 
RL, Kumara HM, Signori E, Honoki K, Georgakilas AG, Amin A, Helferich WG, Boosani 
CS, Guha G, Ciriolo MR, Chen S, Mohammed SI, Azmi AS, Keith WN, Bilsland A, Bhakta 
D, Halicka D, Fujii H, Aquilano K, Ashraf SS, Nowsheen S, Yang X, Choi BK, Kwon 
BS.  Immune evasion in cancer: mechanistic basis and therapeutic strategies. Semin Cancer 
Biol. 2015;35(Suppl):S185–98.

 8. Ehlers G, Fridman M. Abscopal effect of radiation in papillary adenocarcinoma. Br J Radiol. 
1973;46(543):220–2.

 9. Mole RH. Whole body irradiation; radiobiology or medicine? Br J Radiol. 1953;26(305):234–41.
 10. Schirrmacher V. Cancer-reactive memory t cells from bone marrow: spontaneous induction 

and therapeutic potential (review). Int J Oncol. 2015;47(6):2005–16.
 11. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer therapy. Annu 

Rev Immunol. 2013;31:51–72.
 12. Claude L, Perol D, Ray-Coquard I, Petit T, Blay JY, Carrie C, Bachelot T. Lymphopenia: a new 

independent prognostic factor for survival in patients treated with whole brain radiotherapy for 
brain metastases from breast carcinoma. Radiother Oncol. 2005;76(3):334–9.

 13. Galon J, Franchimont D, Hiroi N, Frey G, Boettner A, Ehrhart-Bornstein M, O’Shea JJ, 
Chrousos GP, Bornstein SR.  Gene profiling reveals unknown enhancing and suppressive 
actions of glucocorticoids on immune cells. FASEB J. 2002;16(1):61–71.

 14. Panici PB, Maggioni A, Hacker N, Landoni F, Ackermann S, Campagnutta E, Tamussino K, 
Winter R, Pellegrino A, Greggi S, Angioli R, Manci N, Scambia G, Dell’Anna T, Fossati R, 
Floriani I, Rossi RS, Grassi R, Favalli G, Raspagliesi F, Giannarelli D, Martella L, Mangioni 
C. Systematic aortic and pelvic lymphadenectomy versus resection of bulky nodes only in 
optimally debulked advanced ovarian cancer: a randomized clinical trial. J Natl Cancer Inst. 
2005;97(8):560–6.

 15. Weiner HL, Cohen JA. Treatment of multiple sclerosis with cyclophosphamide: critical review 
of clinical and immunologic effects. Mult Scler. 2002;8(2):142–54.

S. Bekeschus et al.



417

 16. Fraser JM, Janicki CN, Raveney BJ, Morgan DJ. Abortive activation precedes functional dele-
tion of cd8+ t cells following encounter with self-antigens expressed by resting b cells in vivo. 
Immunology. 2006;119(1):126–33.

 17. Wyllie AH. Cell death: a new classification separating apoptosis from necrosis. In: Bowen 
ID, Lockshin RA, editors. Cell death in biology and pathology. Dordrecht: Springer; 1981. 
p. 9–34.

 18. Green DR, Ferguson T, Zitvogel L, Kroemer G. Immunogenic and tolerogenic cell death. Nat 
Rev Immunol. 2009;9(5):353–63.

 19. Garg AD, Romano E, Rufo N, Agostinis P.  Immunogenic versus tolerogenic phagocy-
tosis during anticancer therapy: mechanisms and clinical translation. Cell Death Differ. 
2016;23(6):938–51.

 20. Garg AD, Dudek AM, Agostinis P. Cancer immunogenicity, danger signals, and damps: what, 
when, and how? Biofactors. 2013;39(4):355–67.

 21. Fehres CM, Unger WW, Garcia-Vallejo JJ, van Kooyk Y. Understanding the biology of antigen 
cross-presentation for the design of vaccines against cancer. Front Immunol. 2014;5:149.

 22. Garg AD, Martin S, Golab J, Agostinis P. Danger signalling during cancer cell death: origins, 
plasticity and regulation. Cell Death Differ. 2014;21(1):26–38.

 23. Schumacher TN, Schreiber RD.  Neoantigens in cancer immunotherapy. Science. 
2015;348(6230):69–74.

 24. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL, Castedo M, Mignot 
G, Panaretakis T, Casares N, Metivier D, Larochette N, van Endert P, Ciccosanti F, Piacentini 
M, Zitvogel L, Kroemer G. Calreticulin exposure dictates the immunogenicity of cancer cell 
death. Nat Med. 2007;13(1):54–61.

 25. Adkins I, Fucikova J, Garg AD, Agostinis P, Spisek R. Physical modalities inducing immuno-
genic tumor cell death for cancer immunotherapy. Oncoimmunology. 2014;3(12):e968434.

 26. Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death in cancer and 
infectious disease. Nat Rev Immunol. 2017;17(2):97–111.

 27. Reynders K, Illidge T, Siva S, Chang JY, De Ruysscher D. The abscopal effect of local radio-
therapy: using immunotherapy to make a rare event clinically relevant. Cancer Treat Rev. 
2015;41(6):503–10.

 28. Golden EB, Apetoh L.  Radiotherapy and immunogenic cell death. Semin Radiat Oncol. 
2015;25(1):11–7.

 29. Kamensek U, Kos S, Sersa G. Adjuvant immunotherapy as a tool to boost effectiveness of 
electrochemotherapy. Handbook of electroporation. 2016. p. 1–16.

 30. Mir LM, Gehl J, Sersa G, Collins CG, Garbay JR, Billard V, Geertsen PF, Rudolf Z, O'Sullivan 
GC, Marty M. Standard operating procedures of the electrochemotherapy: instructions for the 
use of bleomycin or cisplatin administered either systemically or locally and electric pulses 
delivered by the cliniporator (tm) by means of invasive or non-invasive electrodes. EJC Suppl. 
2006;4(11):14–25.

 31. Matthiessen LW, Johannesen HH, Hendel HW, Moss T, Kamby C, Gehl J. Electrochemotherapy 
for large cutaneous recurrence of breast cancer: a phase ii clinical trial. Acta Oncol. 
2012;51(6):713–21.

 32. Snoj M, Matthiessen LW. Electrochemotherapy of cutaneous metastases. Handbook of electro-
poration. 2016. p. 1–14.

 33. Griffin LL, Lear JT. Photodynamic therapy and non-melanoma skin cancer. Cancers (Basel). 
2016;8(10).

 34. DeRosa MC, Crutchley RJ. Photosensitized singlet oxygen and its applications. Coord Chem 
Rev. 2002;233:351–71.

 35. Mallidi S, Anbil S, Bulin AL, Obaid G, Ichikawa M, Hasan T. Beyond the barriers of light 
penetration: strategies, perspectives and possibilities for photodynamic therapy. Theranostics. 
2016;6(13):2458–87.

 36. Duan X, Chan C, Guo N, Han W, Weichselbaum RR, Lin W. Photodynamic therapy medi-
ated by nontoxic core-shell nanoparticles synergizes with immune checkpoint blockade 

24 Cancer Immunology



418

to elicit antitumor immunity and antimetastatic effect on breast cancer. J Am Chem Soc. 
2016;138(51):16686–95.

 37. Maeding N, Verwanger T, Krammer B. Boosting tumor-specific immunity using pdt. Cancers 
(Basel). 2016;8(10)

 38. Tanaka M, Kataoka H, Yano S, Sawada T, Akashi H, Inoue M, Suzuki S, Inagaki Y, Hayashi 
N, Nishie H, Shimura T, Mizoshita T, Mori Y, Kubota E, Tanida S, Takahashi S, Joh 
T. Immunogenic cell death due to a new photodynamic therapy (pdt) with glycoconjugated 
chlorin (g-chlorin). Oncotarget. 2016;7(30):47242–51.

 39. Frey B, Weiss EM, Rubner Y, Wunderlich R, Ott OJ, Sauer R, Fietkau R, Gaipl US. Old and 
new facts about hyperthermia-induced modulations of the immune system. Int J Hyperthermia. 
2012;28(6):528–42.

 40. Larson N, Gormley A, Frazier N, Ghandehari H. Synergistic enhancement of cancer therapy 
using a combination of heat shock protein targeted hpma copolymer-drug conjugates and gold 
nanorod induced hyperthermia. J Control Release. 2013;170(1):41–50.

 41. Fucikova J, Moserova I, Truxova I, Hermanova I, Vancurova I, Partlova S, Fialova A, Sojka 
L, Cartron PF, Houska M, Rob L, Bartunkova J, Spisek R. High hydrostatic pressure induces 
immunogenic cell death in human tumor cells. Int J Cancer. 2014;135(5):1165–77.

 42. Moserova I, Truxova I, Garg AD, Tomala J, Agostinis P, Cartron PF, Vosahlikova S, Kovar M, 
Spisek R, Fucikova J. Caspase-2 and oxidative stress underlie the immunogenic potential of 
high hydrostatic pressure-induced cancer cell death. Oncoimmunology. 2017;6(1):e1258505.

 43. Vandenberk L, Belmans J, Van Woensel M, Riva M, Van Gool SW. Exploiting the immunogenic 
potential of cancer cells for improved dendritic cell vaccines. Front Immunol. 2015;6:663.

 44. Schmidt-Bleker A, Bansemer R, Reuter S, Weltmann K-D.  How to produce an nox- 
instead of ox-based chemistry with a cold atmospheric plasma jet. Plasma Process Polym. 
2016;13(11):1120–7.

 45. Jablonowski H, von Woedtke T. Research on plasma medicine-relevant plasma–liquid interac-
tion: what happened in the past five years? Clin Plasma Med. 2015;3(2):42–52.

 46. Dunnbier M, Schmidt-Bleker A, Winter J, Wolfram M, Hippler R, Weltmann KD, Reuter 
S. Ambient air particle transport into the effluent of a cold atmospheric-pressure argon plasma 
jet investigated by molecular beam mass spectrometry. J Phys D. 2013;46(43):435203.

 47. Bekeschus S, Wende K, Hefny MM, Rodder K, Jablonowski H, Schmidt A, Woedtke TV, 
Weltmann KD, Benedikt J. Oxygen atoms are critical in rendering thp-1 leukaemia cells sus-
ceptible to cold physical plasma-induced apoptosis. Sci Rep. 2017;7(1):2791.

 48. Lin A, Truong B, Patel S, Kaushik N, Choi EH, Fridman G, Fridman A, Miller V. Nanosecond- 
pulsed dbd plasma-generated reactive oxygen species trigger immunogenic cell death in a549 
lung carcinoma cells through intracellular oxidative stress. Int J Mol Sci. 2017;18(5)

 49. Bekeschus S, Roder K, Fregin B, Otto O, Lippert M, Weltmann KD, Wende K, Schmidt A, 
Gandhirajan RK. Toxicity and immunogenicity in murine melanoma following exposure to 
physical plasma-derived oxidants. Oxidative Med Cell Longev. 2017;2017:4396467.

 50. Lin A, Truong B, Pappas A, Kirifides L, Oubarri A, Chen S, Lin S, Dobrynin D, Fridman G, 
Fridman A, Sang N, Miller V. Uniform nanosecond pulsed dielectric barrier discharge plasma 
enhances anti-tumor effects by induction of immunogenic cell death in tumors and stimulation 
of macrophages. Plasma Process Polym. 2015;12(12):1392–9.

 51. Kaushik NK, Kaushik N, Min B, Choi KH, Hong YJ, Miller V, Fridman A, Choi EH. Cytotoxic 
macrophage-released tumour necrosis factor-alpha (tnf-alpha) as a killing mechanism for can-
cer cell death after cold plasma activation. J Phys D. 2016;49(8):084001.

 52. Kazue M, Kenta Y, Yuki S, Taketoshi A, Ryo O. Anti-tumor immune response induced by 
nanosecond pulsed streamer discharge in mice. J Phys D. 2017;50(12):12LT01.

 53. Miller V, Lin A, Fridman G, Dobrynin D, Fridman A. Plasma stimulation of migration of mac-
rophages. Plasma Process Polym. 2014;11(12):1193–7.

 54. Bekeschus S, Winterbourn CC, Kolata J, Masur K, Hasse S, Broker BM, Parker HA. Neutrophil 
extracellular trap formation is elicited in response to cold physical plasma. J Leukoc Biol. 
2016;100(4):791–9.

S. Bekeschus et al.



419

 55. Bekeschus S, Kolata J, Muller A, Kramer A, Weltmann K-D, Broker B, Masur K. Differential 
viability of eight human blood mononuclear cell subpopulations after plasma treatment. 
Plasma Med. 2013;3(1–2):1–13.

 56. Bundscherer L, Bekeschus S, Tresp H, Hasse S, Reuter S, Weltmann K-D, Lindequist U, 
Masur K. Viability of human blood leucocytes compared with their respective cell lines after 
plasma treatment. Plasma Med. 2013;3(1–2):71–80.

 57. Bekeschus S, Iseni S, Reuter S, Masur K, Weltmann K-D.  Nitrogen shielding of an argon 
plasma jet and its effects on human immune cells. IEEE Trans Plasma Sci. 2015;43(3):776–81.

 58. Bekeschus S, Rödder K, Schmidt A, Stope MB, von Woedtke T, Miller V, Fridman A, 
Weltmann K-D, Masur K, Metelmann H-R, Wende K, Hasse S. Cold physical plasma selects 
for specific t helper cell subsets with distinct cells surface markers in a caspase-dependent and 
nf-κb-independent manner. Plasma Process Polym. 2016;13(12):1144–50.

 59. Wende K, Reuter S, von Woedtke T, Weltmann KD, Masur K. Redox-based assay for assess-
ment of biological impact of plasma treatment. Plasma Process Polym. 2014;11(7):655–63.

 60. Miller V, Lin A, Fridman A. Why target immune cells for plasma treatment of cancer. Plasma 
Chem Plasma Process. 2016;36(1):259–68.

 61. Garg AD, Vandenberk L, Koks C, Verschuere T, Boon L, Van Gool SW, Agostinis P. Dendritic 
cell vaccines based on immunogenic cell death elicit danger signals and t cell-driven rejection 
of high-grade glioma. Sci Transl Med. 2016;8(328):328ra327.

 62. Kyte JA, Mu L, Aamdal S, Kvalheim G, Dueland S, Hauser M, Gullestad HP, Ryder T, Lislerud 
K, Hammerstad H, Gaudernack G. Phase i/ii trial of melanoma therapy with dendritic cells 
transfected with autologous tumor-mrna. Cancer Gene Ther. 2006;13(10):905–18.

 63. Vandenberk L, Garg AD, Verschuere T, Koks C, Belmans J, Beullens M, Agostinis P, De 
Vleeschouwer S, Van Gool SW.  Irradiation of necrotic cancer cells, employed for pulsing 
dendritic cells (dcs), potentiates dc vaccine-induced antitumor immunity against high-grade 
glioma. Oncoimmunology. 2016;5(2):e1083669.

 64. Garg AD, Coulie PG, Van den Eynde BJ, Agostinis P. Integrating next-generation dendritic cell 
vaccines into the current cancer immunotherapy landscape. Trends Immunol. 2017;38:577–93.

24 Cancer Immunology



421© Springer International Publishing AG, part of Springer Nature 2018
H.-R. Metelmann et al. (eds.), Comprehensive Clinical Plasma Medicine,  
https://doi.org/10.1007/978-3-319-67627-2_25

E. Martines • M. Zuin 
Istituto Gas Ionizzati del CNR and Consorzio RFX Padova, Padova, Italy 

H. Reitberger • T. A. Fuchsluger (*) 
Department of Ophthalmology, Friedrich-Alexander-University Erlangen-Nuremberg, 
University Hospital Erlangen, Erlangen, Germany
e-mail: thomas.fuchsluger@uk-erlangen.de 

C. Chow 
St. Joseph-Stift Hospital, Bremen, Germany 

P. Brun 
Unit of Microbiology, Department of Molecular Medicine,  
University of Padova, Padova, Italy

25Perspectives in Ophthalmology

Emilio Martines, Helena Reitberger, Catherine Chow, 
Paola Brun, Matteo Zuin, and Thomas A. Fuchsluger

25.1  Infections of the Cornea and Vision Loss

The ocular surface is continuously exposed to microorganisms that can cause or 
aggravate infections like bacterial conjunctivitis and keratitis. Risk, type and fre-
quency of these infections are dependent on geographic region an on medical sup-
plies. In particular, the bacterial keratitis is considered an ocular emergency that 
requires immediate and appropriate treatment to limit corneal morbidity and vision 
loss. Factors resulting in increased infection risk mainly are ocular trauma, previ-
ous corneal surgery and contact lens wear. Certain microbes such as staphylococ-
cal species (spp.), Pseudomonas aeruginosa and Streptococcus pneumoniae are 
more likely to cause bacterial keratitis. Moreover, of all possible viral and fungal 
infections, the vast majority is caused by Herpes simplex virus and Aspergillus and 
Candida spp. [1–3]. Initial therapy for keratitis involves topical e.g., fluoroquino-
lones or topical broad-spectrum, fortified antibiotics. However, the emergence of 
bacterial resistance to topical antibiotics and antifungal drugs compromises an 
effective healing and is exacerbated by the need for prolonged therapeutic treat-
ment [4]. Insufficient treatment results on permanent corneal scars requiring 
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transplantation of a donor cornea, or persistent epithelial defect with corneal thin-
ning in acute surgical intervention. For these reasons, novel, immediate therapeutic 
strategies that are irrespective of the type of infection are an unmet need in ophthal-
mology and a breakthrough in the treatment of infectious corneal diseases.

In this context, the therapeutic application of disinfecting non-thermal atmo-
spheric plasma (so-called “cold plasma”) could open a new treatment strategy. 
Here, a primary requirement is the safety of the treated corneal area, which must be 
safeguarded with respect to thermal effects and the risk of electrical shock. In order 
to meet the last requirement, the approach of using an indirect plasma treatment, 
with no direct contact of the plasma with the treated surface, has been adopted. In 
this article, we will present two different cold plasma setups: (1) using helium gas 
(Martines et al.), (2) using argon gas (Fuchsluger et al.)

25.2  Chances of Cold Plasma-Based Treatment for Reducing 
the Infectious Microbial Load

Martines et al. developed a plasma source [5, 6] in which a helium plasma is gener-
ated by a high voltage (of the order of 1 kVpp) at radiofrequency (around 5 MHz). 
This is applied between two parallel brass grids serving as electrodes. The grids 
close the ends of two coaxial tubes, the innermost of which carries a helium flow of 
the order of 2 L/min. The high voltage is applied to the inner grid, whereas the outer 
one, which closes a tube of conducting material, is grounded. In this way the outer 
part of the device is fully grounded, granting an adequate level of electrical safety, 
even in case of accidental contact with the treated surface. The helium plasma pro-
duced between the two grids contains traces of air coming from outside the source, 
and this drives the production of reactive oxygen and nitrogen species. These spe-
cies, together with the helium excited metastable states formed in the plasma, are 
responsible of the observed biological effects. On the other hand, no charged spe-
cies can reach the treated surface, due to the very fast recombination time: however, 
this does not prevent the disinfectant effect. The typical distance between the outer 
grid and the treated substrate in tests is around 1 mm.

Fuchsluger et al. worked with argon based cold plasma to treat corneal infec-
tions. The plasma pen kINPen MED M12150063 by neoplas tools GmbH, 
Greifswald, Germany, is optimized for a gas flow of 5 L/min. The optimal distance 
of plasma pen tip to the sample was 5 cm, the duration of treatment between 30 s 
and 1 min.

Challenge tests performed in vitro based on the international standard ISO 14729 
have shown the effectiveness of the helium plasma treatment in reducing microbial 
load of Gram-positive and Gram-negative bacteria and fungi. As reported in 
Fig. 25.1, microbial inactivation followed a double exponential decay, with a fast 
phase lasting around 2 min for Gram-positive bacteria and around 1 min for Gram- 
negative ones. During the fast phase, the logarithmic reduction factor RF = log(initial 
CFU/mL)—log(final CFU/mL) was around 4 in Gram-positive bacteria and around 
3  in Gram-negative ones. Overall, a 2-min treatment appeared to be sufficient to 
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exceed the RF = 3 value recommended by ISO 14729. A 5-min treatment allows to 
reach RF = 5. The antimicrobial potential of different plasma sources is confirmed 
by several past and recently published articles indicating the enormous potential of 
cold atmospheric plasma in disinfection of surfaces [7], prevention of hospital- 
acquired infections [8], decontamination of food [9]. Interestingly, as reported in 
Fig.  25.1, bacteria resistant to conventional antibiotics (i.e., methicillin-resistant 
[MR] S. aureus and vancomycin resistant [VR] E. coli) were inactivated by the 
plasma treatment at the same rate of non-antibiotic resistant bacteria. These results 
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were comparable when using argon instead of helium-based cold plasma. Moreover, 
as shown in Fig. 25.2, repeated helium plasma treatments (once a day for 10 days, 
1 min plasma treatment) did not reduce bactericidal effect in S. aureus, thus ruling 
out the possibility of resistance to plasma antimicrobial effects.

For both Gram-positive and Gram-negative bacteria, formation of reactive oxy-
gen species inside the bacterial cells were well correlated with, and most likely 
accounts for, the disinfectant effects of plasma [10]. This was shown in Fig. 25.3, 
where the increase factor in intracellular ROS following the helium plasma treat-
ment, as measured by a fluorescent probe, was plotted as a function of treatment 
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time. It was possible to see that ROS enhancements by factor ≤40 for Gram-positive 
and ≤30 for Gram-negative bacteria were achieved with a 5-min treatment. As 
reported in Fig. 25.4, the helium plasma treatment was also effective in deactivating 
C. albicans and A. fumigatus, fungi involved in 5% of infectious keratitis [3]. In this 
case the transition from fast to slow exponential decay was not readily seen from the 
data, but could be located in the range of treatment times spanning from 1 to 2 min. 
Overall, a reduction factor exceeding 3 could be obtained for both fungal species, 
with treatment times of around 3  min. Concerning other ocular pathogen types, 
Heaselgrave and colleagues suggested the use of plasma also against protozoan 
pathogens, demonstrating the inactivation of trophozoites and cysts of Acanthamoeba 
polyphaga [11]. The antiviral effect of plasma is more difficult to achieve. Mature 
forms of viral particles which are involved in diffusion of infections, are usually not 
affected by direct plasma exposure [10] but easily inhibited when replicating inside 
the host cells [12, 13]. Indeed, during replication the reactive oxygen species 
induced by the plasma treatment in infected host cells most likely destroy uncoated 
viruses, thus preventing the release of new viral particles.

25.3  Laboratory Experiments in Human Corneas

To prove the effectiveness of the described plasma treatment for corneal infections, 
the penetration depth on corneal tissue of helium plasma-induced effects was inves-
tigated. As already described, plasma caused generation of reactive oxygen species 
(ROS) in living matter. Therefore, in this experiment human cornea unsuitable for 
surgical transplantation was loaded with cell-permeant 2′,7′-dichlorodihydrofluo-
rescein diacetate (H2DCFDA) non-fluorescent probe converted to highly fluorescent 
DCF upon oxidation. Following 2-min treatment with plasma, the cornea was fixed, 
cut to obtain serial sections of 8 μm thickness separated by 40 μm layers and then 
visualized at the confocal microscopy. As reported in Fig. 25.5, ROS the related 
fluorescent signal is evident not only in the epithelial layer but also in most of the 
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stroma, against the intuitive understanding that the plasma treatment is only super-
ficial. Taking into account that pathogens penetrate in the cornea for about one third 
in depth [3], the plasma treatment has the potential to penetrate in the tissue and to 
reach also invasive pathogens. It is worth mentioning that, since the penetration of 
the fluorescent probe in the deeper layers of the cornea is unknown, the obtained 
result likely underestimates the actual penetration of the plasma effect. A second 
experiment was performed in order to test the effectiveness of the plasma disinfec-
tant properties in a situation more similar to the actual one. Corneas were ex vivo 
infected and incubated for 16 h at 37 °C to allow for bacterial penetration, coloniza-
tion, and growth. Corneas were then treated for 2  min with helium plasma and 
finally minced to collect also invasive microbes. As reported in Fig. 25.6, the plasma 
treatment significantly decreased the survival of bacteria recovered from infected 
tissues, thus confirming also ex vivo the previously reported disinfectant effects.

The ROS generated by the plasma treatment have mild and transient effects in 
conjunctival fibroblasts and keratocytes [10]. As other laboratories have already 
demonstrated [14, 15], short-term plasma treatment does not affect viability of 
eukaryotic cells even if mechanisms of cell proliferation and damage occur 

epithelium

stroma

endothelium

co
rn
ea

Fig. 25.5 Penetration of 
the plasma treatment 
effect, as detected by the 
fluorescence caused by the 
formation of intracellular 
ROS, inside the cornea. 
The figure displays 
fluorescence in ten slices 
of 8 μm thickness, 
separated one from the 
other by 40 μm

S. aureus
0

2

4

R
F

 lo
g 

C
F

U
/m

L 6

8

P. aeruginosa

Fig. 25.6 Logarithm of 
the reduction factor after 
5-min plasma treatment in 
ex vivo human corneas 
infected with two different 
bacteria. Each value is the 
mean of three independent 
experiments

E. Martines et al.



427

simultaneously and balance one with the other following the intracellular ROS gen-
eration mediated by plasma treatment [16, 17]. In our experiments, cells cultured 
from human conjunctiva or cornea were treated with helium plasma for 2 or 5 min 
and cell viability was analyzed by the MTT test. One hour after a 2-min plasma 
treatment, the cell viability was not significantly reduced when compared to 
untreated cells, while a significant reduction of viability was observed following a 
5-min treatment. However, the viability of cells treated for 2 or 5 min significantly 
increased after 24 h of culture [10].

A transient accumulation of 8-oxo-2′-deoxyguanosine (8-OHdG) was observed 
in cultured cells following plasma treatment [10] without important induction of 
thymine dimers. The formation of pyrimidine dimers (thymine or cytosine dimers 
or thymine-cytosine heterodimers) consequent to UV irradiation can impair DNA 
replication and transcription. We evaluated the presence of thymine dimers (TD) in 
the nuclei of cells exposed to helium plasma using the system developed by 
Al-Adhami et  al. [18], with some modifications ([10]): corneal specimens were 
stained with anti-TD mAb and counterstained with Hoechst to evidence nucleic 
DNA. Positive controls were prepared by exposing the tissue sections to 8 J/cm2 UV 
rays having a wavelength of 254 nm for 10 min; negative controls were slides not 
incubated with the anti-TD antibody. All slides were analyzed by fluorescence 
microscopy. As shown in Fig. 25.7, nuclei of cells exposed to the plasma source for 
up to 5 min did not show TD signals. In fact, anti-TD antibodies and Hoechst stain-
ing co-localized in the nuclei of UV-irradiated cells, whereas only Hoechst staining 
was evident and localized in the nuclei of plasma-treated tissues. Finally, to assess 
the lack of negative effects of plasma, treated human corneas were analyzed for 
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morphological changes. Tissues were embedded in paraffin, cut into 5 μm sections, 
and stained with hematoxylin and eosin. As evident in Fig. 25.8, the plasma treat-
ment did not induce significant morphological changes in the corneal stroma.

25.4  From Bench to Bedside: Treatment of Corneal Infections 
with Argon-Based Cold Plasma in Patients

Argon-based cold-plasma treatment of microbes in the dish and on ex vivo corneal 
tissue resulted in very comparable results as application of helium-based cold 
plasma. As next step, corneal infections and ulcerations were treated in patients 
refractive to conventional therapies.

Figure 25.9 shows a 71  year-old patient with severe Staphylococcus aureus- 
induced corneal ulcer and massive intraocular infection (hypopyon). Vision was 
considerably reduced, intraocular pressure elevated. The ulceration did not respond 
well over 5 days. Neither to intensive local, nor to intravitreal and to systemic broad- 
spectrum antibiotic treatment. The patient therefore received on day 5 after admis-
sion a 30 s treatment, 90° angle to the corneal surface with a “plasma tip to cornea” 
distance of 5 mm. The patient rapidly recovered without recurrence after the first 
plasma treatments. The 6 months follow-up showed a healed corneal surface with a 
merely small corneal scar. Visual acuity had recovered from hand movements at 
admission to 0,6 and the last follow-up visit.

In conclusion, the proposed indirect plasma treatment appears to be a promising 
tool for the development of a new painless treatment of infectious keratitis with 
short duration application [19]. Hopefully, in a short time a plasma-based device 
could become a routinely used tool in the ophthalmology patient service and sur-
gery room, where it could also be applied in the pre- and post-surgery phase as a 
standard tool for tissue disinfection.

Fig. 25.8 Corneal tissue morphology after 5-min plasma treatment (left) and control (right) at 
100 magnification
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26Plasma Activated Medium

Hiromasa Tanaka and Masaru Hori

26.1  Plasma Activated Medium

The emerging field of plasma medical science combines plasma science and medi-
cal science. Medical applications of non-thermal atmospheric pressure plasma have 
been studied for several decades [1–7]. Indirect treatments with plasma have 
attracted a great deal of attention because they have broadened the ways that plasma 
can be applied to medicine beyond direct applications. Indirect treatments include 
two major approaches: plasma immunotherapy and plasma activated medium 
(PAM). Plasma can activate the immune system to kill cancer cells [8–11], and 
plasma can activate the medium to kill cancer cells [7, 12–20]. Thus, plasma directly 
affects not only cells/tissues, but also the cell/tissue microenvironment.

This chapter introduces PAM and its applications. It is essential to understand the 
interactions between plasma and liquids to understand PAM’s effects and capabili-
ties. Many researchers are discovering anti-tumor factors in PAM based on plasma 
chemistry and molecular cell biology. The applications of PAM are expanding from 
cancer therapy to treatment of age-related macular degeneration (AMD) and regen-
erative medicine.

26.2  Chemistry in Plasma Activated Medium

The interaction between plasma and liquids is an important topic in plasma medi-
cal science. Figure 26.1 depicts reaction products from plasma inputs to physio-
logical outputs in gas phase, liquid phase, and the intracellular domain [7]. Plasma 
consists of electrons, ions, radicals, and light such as ultra violet (UV) and 
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vacuum ultra violet (VUV). Reactive species are generated through interactions 
between plasma and nitrogen, oxygen, and moisture in the air. The reactive spe-
cies react with liquids to produce hydrogen peroxide, nitrite and nitrate ions, 
which then interact with cells to produce reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS). In response, several intracellular signaling pathways 
are activated or deactivated driving various physiological outputs, such as apopto-
sis and morphological changes.

Hydrogen peroxide, nitrite and nitrate ions are general reaction products gener-
ated through interactions between plasma and liquids, and are not dependent on the 
characteristics of the solutions. Plasma also interacts with the constituents of solu-
tions to produce specific reaction products. Recent studies have revealed that both 
specific factors and general factors are important for producing some physiological 
outputs, including apoptosis of cancer cells [20].

PAM was originally produced using culture media such as Dulbecco’s Modified 
Eagle Medium (DMEM) and Roswell Park Memorial Institute Medium (RPMI) 
[12, 13]. These media contains about 30 components, including inorganic salts, 
amino acids, vitamins, and glucose. These factors are activated by plasma, and the 
reaction products can positively or negatively regulate signaling networks involved 
in various physiological outputs.

Ringer’s solutions, such as Ringer’s lactate solution (which contains sodium 
chloride, potassium chloride, calcium chloride, and L-sodium lactate), acetic acid 
Ringer’s solution (which contains sodium chloride, potassium chloride, calcium 
chloride, and sodium acetate), and bicarbonate Ringer’s solution (which contains 
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Fig. 26.1 Plasma inputs to physiological outputs. The plasma-cell/tissue system consists of mul-
tiple inputs from plasma and complex biological signaling networks. Reactive species in gas phase 
and liquid phase generated by plasma interact with cells, which leads to the induction of intracel-
lular ROS and RNS. These processes lead to physiological outputs, such as apoptosis, morphologi-
cal changes, and altered proliferation (reproduced from Tanaka et al. 2014)
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sodium chloride, potassium chloride, calcium chloride, magnesium chloride, 
sodium citrate, and sodium hydrogen carbonate) are simple isotonic solutions that 
have the same osmolality as body fluids (Table 26.1).

Since Ringer’s solutions have fewer components than cell culture media, sys-
tematic combinatorial experiments are possible, and various plasma activated 
Ringer’s lactate solutions were synthesized to elucidate which components are 
responsible for the anti-tumor effects of plasma activated Ringer’s lactate solution 
(PAL) (Fig. 26.2, [19]). The results of these experiments revealed that L-sodium 
lactate is an anti-tumor factor, while sodium chloride, potassium chloride, and cal-
cium chloride are not anti-tumor factors in Ringer’s lactate solution treated with 
plasma.

26.3  Cancer Therapy Using Plasma Activated Medium

Since the first report of selective PAM mediated killing of glioblastoma cells [12], 
PAM mediated anti-tumor effects have been demonstrated for various other cancer 
cell types. Peritoneal metastases of cancers generally imply a poor prognosis, and 
PAM has been tested in this scenario. In vitro and in vivo experiments showed that 
PAM exhibited anti-tumor effects on anti-cancer drug resistant ovarian cancers [13], 
ovarian clear-cell carcinoma [21], gastric cancers [15, 22], and pancreatic cancers 
[16]. PAM mediated anti-tumor effects have also been demonstrated for non-small 
cell lung carcinoma cells [23], liver cancer cells, breast cancer cells, neuroblastoma 
cells [24], and urinary bladder squamous cell carcinoma cells [25].

Animal studies are essential to address the clinical applications of PAM. The 
anti-tumor effects of PAM treatment were investigated in a mouse xenograft model 
in which ovarian cancer cells [13] or pancreatic cancer cells [16] were injected sub-
cutaneously. Figure 26.3 shows the experimental results using mice bearing NOS2 
(parental ovarian cancer cells) and NOS2-TR (paclitaxel resistant ovarian cancer 
cells) xenografts. PAM significantly reduced the growth of both NOS2 and 
NOS2-TR tumors, and no significant adverse effects were observed.

Table 26.1 Components of Ringer’s solutions

Components (g/L)
Ringer’s lactate 
solution

Acetate acid Ringer’s 
solution

Bicarbonate Ringer’s 
solution

NaCl 6.0 6.0 5.8
KCl 0.30 0.30 0.30
CaCl2∙2H2O 0.20 0.10 0.11
l-sodium lactate 3.1 – –
C2H3NaO2∙2H2O – 3.80 –
MgCl2 – – 0.20
NaHCO3 – – 2.35
Sodium citrate∙2H2O – – 0.20
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Fig. 26.2 Identification of components in PAL with anti-tumor effects. (a) Schematic of experi-
ments for identifying the anti-tumor components in Ringer’s lactate solution induced by plasma 
irradiation. Each doubly concentrated NaCl, KCl, CaCl2 and l-sodium lactate solution was treated 
with plasma for 2  min and then mixed with the complementary doubly concentrated solutions. 
These solutions are referred to as NaCl-GOF, KCl-GOF, CaCl2-GOF and l-sodium lactate-GOF 
(②–⑤). Each doubly concentrated solution lacking NaCl (KCl + CaCl2+ l-sodium lactate), KCl 
(NaCl + CaCl2+ l-sodium lactate), CaCl2 (NaCl + KCl + l-sodium lactate) or l-sodium lactate 
(NaCl + KCl + CaCl2) was treated with plasma for 2 min, and mixed with the complementary dou-
bly concentrated solutions. These solutions are referred to as NaCl-LOF, KCl-LOF, CaCl2- LOF and 
l-sodium lactate-LOF (⑥–⑨). Doubly concentrated Ringer’s lactate solution was treated with 
plasma and mixed with the same volume of Milli-Q water (⑩), and vice versa (⑪). (b) 10,000 
U251SP cells were seeded in 200 μL medium in a 96-well plate. On the following day, the media in 
the 96-well plate were replaced with 200 μL of the solutions described in (a). After 1 h, these solu-
tions were replaced with 200 μL culture medium. On the following day, cell viability was measured 
by the MTS assay and calculated as a percentage of surviving cells relative to control. Data are 
mean ± SEM. *P < 0.05, **P < 0.01 versus control (reproduced from Tanaka et al. 2016)
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PAM was also evaluated in vivo using a peritoneal metastasis mouse model of 
gastric cancer [22] (Fig. 26.4). Enhanced green fluorescent protein-tagged GCIY 
(GCIY-EGFP) gastric cancer cells [26] were used for monitoring the growth of the 
peritoneally disseminated gastric cancer cells. PAM treatment inhibited the forma-
tion of peritoneal metastases, and adverse effects were not observed within the 
experimental period. These results suggest PAM is a promising novel therapeutic 
strategy for peritoneal metastasis.

Understanding the modes of action of PAM is important for addressing PAM’s 
potential therapeutic applications in medicine. Several mechanisms have been pro-
posed to explain the anti-tumor effects of PAM.

A glioblastoma cell line that has a phosphatase and tension homolog (PTEN) 
mutation and epidermal growth factor receptor (EGFR) mutation that constitutively 
activate both the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway [27] 
and Rat sarcoma (RAS)—Mitogen-activated Protein Kinase (MAPK) signaling 
pathway [28], which are involved in survival and proliferation signaling networks 
and essential for cell growth and inhibiting apoptosis. PAM downregulated both 
PI3K-AKT and RAS-MAPK signaling in a glioblastoma cell line [12, 14]. These 
results suggest that PAM induces apoptosis by downregulating survival and prolif-
eration signaling networks (Fig. 26.5, [7]).
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Fig. 26.3 Anti-tumor effects of PAM (NEAPP-AM) in mice carrying anti-cancer drug resistant 
ovarian cancer cells. (a, b) Macroscopic observation of nude mice bearing subcutaneous NOS2 (a) 
and NOS2TR (b) tumors on both flanks. Mice were implanted with NOS2 and NOS2TR cells and 
then treated by local administration of 0.4 mL medium alone or NEAPP-AM into both sides of the 
mice three times a week. All mice were sacrificed at 29 days after implantation. Green arrowheads 
indicate tumor formation. (c, d) Time-dependent changes in tumor volume in xenograft models are 
shown, medium alone (diamonds) or NEAPP-AM (squares). Each point on the line graph repre-
sents the mean tumor volume (mm3) for each group on a particular day after implantation, and the 
bars represent SD. *P < 0.05, **P < 0.01 versus control (reproduced from Utsumi et al. 2013)
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26.4  Possible Applications of Plasma  
Activated Medium

PAM is being considered not only for cancer therapy but also for the treatment of 
age-related macular degeneration (AMD, [29]). Choroidal neovascularization 
(CNV) is the creation of new blood vessels in the choroid layer of the eye, a com-
mon occurrence in AMD. CNV in a mouse eye was created by laser. PAM reduced 
the laser-CNV (Fig. 26.6, [29]), and did not induce retinal toxicity.

PAM may have applications for regenerative medicine where it is important to 
selectively eliminate undifferentiated stem cells from differentiated cells. It was 

Control

C1 C2 C3 P1 P2 P3

PAM ip group

Day 1

Day 8

Day 15

Fig. 26.4 Intraperitoneal administration of PAM in a peritoneal dissemination mouse model. The 
efficacy and feasibility of administering PAM intraperitoneally was investigated using GCIY- 
EGFP gastric cancer cells. In vivo imaging was performed, and epifluorescent images in the dorsal 
position were acquired every 7 days (reproduced from Takeda et al. 2016)
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shown that undifferentiated human induced pluripotent stem cells (hiPSCs) were 
more sensitive to PAM than differentiated normal human dermal fibroblasts 
(NHDFs, Fig. 26.7) and hiPSC-derived differentiated cells [30]. These results sug-
gest that PAM is a promising tool in regenerative medicine.
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Fig. 26.5 Intracellular molecular mechanisms of anti-tumor effects of PAM on glioblastoma cell 
lines. PAM downregulated survival and proliferation signaling networks in glioblastoma brain 
tumor cells. (a) Western Blot analyses of survival and proliferation signaling molecules. Activities 
of AKT kinase, ERK kinase, and mTOR kinase that are hub molecules of survival and proliferation 
signaling networks were downregulated by PAM. (b) Molecular mechanisms underlying the 
induction of apoptosis in PAM-treated glioblastoma (reproduced from Tanaka et al. 2014)
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Fig. 26.6 PAM reduced CNV volume in vivo. (a) The volumes of laser-CNV in eyes injected with 
1.0 μL or 2.0 mL PAM was reduced by 33% (P = 0.0035) and 36% (P = 0.0049), respectively, 
compared with control (Ctrl) eyes. (b, c) Representative images of laser-CNV in control eye (b) 
and 1 μL PAM-injected eyes (c). Scale bar = 50 μm, **P < 0.01 (reproduced from Ye et al. 2015)
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26.5  Future Perspectives for PAM

PAM was originally developed as a novel cancer therapy. However, potential appli-
cations have expanded to include the treatment of AMD and roles in regenerative 
medicine. In the future, the applications of PAM are likely to broaden further. 
However, for PAM to achieve its full biomedical potential further research is 
required to understand in detail the modes of action of the physiological outputs 
induced by novel plasma activated solutions as well as the complex interactions 
between plasma and liquids.
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27Enhancement of the Penetration 
of Topically Applied Substances 
by Tissue-Tolerable Plasma

J. Lademann, H. Richter, A. Kramer, and O. Lademann

27.1  Introduction

In dermatology, ointments and lotions are widely used for the treatment of skin 
diseases [1–3]. However, the cutaneous barrier prevents large amounts of active 
substances from reaching the target structures, even in the case of inflammatory 
processes [4, 5]. This also applies for steroids, which are among the active drugs 
most frequently used in dermatology. No more than 1% of the steroid concentration 
finally overcomes the skin barrier [6]. Therefore, various physical techniques were 
developed to increase the penetration of topically applied permeabilizing agents [7, 
8]. By applying any of these methods part of the skin barrier is disturbed, thus 
enabling an enhanced penetration. Irrespective of this development, the penetration 
efficacy of topically applied substances through the skin barrier remains a problem. 
Consequently, a systemic administration of drugs is preferred in many cases [9]. 
However, this involves other risks, such as drug metabolism-related changes, 
increased toxicity and allergies.
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This chapter elucidates how the penetration of topically applied substances through 
the skin barrier can be strongly enhanced using tissue-tolerable plasma (TTP).

27.2  Materials and Methods

For the investigations, a plasma jet (KinPen09, neoplas tools GmbH Greifswald, 
Germany) was used. Externally resembling a big pen, this instrument accommo-
dates an electrode system that generates the plasma. The plasma is blown out of the 
electrode system via an argon flow that produces a plasma torch of about 10 mm in 
length. The KinPen09 is shown in Fig. 27.1. The thin plasma beam is clearly visible. 
This plasma beam is expanded on the skin as illustrated in Fig. 27.2.

Fig. 27.1 Photo of the KinPen09 plasma jet
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The investigations were carried out on porcine ear skin which is a good model for 
human skin [10]. Additionally, experiments on healthy volunteers aged between 25 
and 42 years have been carried out. Approval for the experiments were obtained 
from the Berlin Ethics Committee.

27.3  Results and Discussion

Plasma systems are mainly used for wound healing. The plasma treatment proved 
successful even for healing of chronic wounds [11]. Usually, the plasma beam is 
moved over the skin surface at a velocity between 6 and 10 mm/s. By laser scanning 
microscopic (LSM) investigations it could be demonstrated, that the skin surface 
was not damaged at this velocity [12]. Figure 27.3 represents a typical LSM image 
of a skin surface area treated with plasma at 10 mm/s. The structure of the corneo-
cytes is intact, thermal damages are not detectable. Biopsies taken from deeper lay-
ers of the skin did not reveal any changes, neither. When the plasma beam is moved 
over the skin surface at a velocity of 2  mm/s, the situation is different. At this 
unphysiological traversing velocity the lipid structures in the uppermost two or 
three cellular layers of the corneocytes get fused as shown in Fig. 27.4. But even at 
this low traversing velocity no thermal damage was detectable in the deeper layers 
of the skin.

The action principle of the plasma in wound healing is based on a slight tempera-
ture increase, a determined dose of UV light emitted by the plasma, electrical sig-
nals based on the distribution of ions and electric fields and mainly a high 
concentration of free radicals induced in the skin by the plasma treatment [13].

First investigations on the plasma-tissue interaction were performed on porcine 
ear model skin at the Center of Experimental and Applied Cutaneous Physiology 
within the Department of Dermatology, Venerology and Allergology. Laser 

Fig. 27.2 The plasma 
beam is expanded on the 
skin surface
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scanning microscopy was applied to investigate the integrity of the skin surface 
subsequent to plasma therapy. For this purpose, the fluorescent dye sodium fluores-
cein was applied to the skin surface. The fluorescence signal served to obtain an 
intense representation of the skin surface. When the fluorescent dye is applied to the 
skin surface, it can be clearly recognized there, as depicted in Fig. 27.5. There are 
no fluorescence signals detected in the deeper skin layers, e.g., in the stratum basale 

a b

Fig. 27.3 LSM image of a skin surface area treated with plasma at 10 mm/s [12]

Treatment Skin surface Stratum basale Papillary structure

Non treated

treated

10 mm/sec

Fig. 27.4 Fluorescence signals of the applied formulation in different depths of the skin, depend-
ing on the plasma application with a velocity of 10 mm/s [14]
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or in the region of the papillary structure [14], which indicates that the dye failed to 
pass the skin barrier. However and rather surprisingly, intensive fluorescence signals 
can also be detected in the deeper skin layers following the plasma treatment at a 
velocity of 10 mm/s [14]. This is represented in Fig. 27.4.

Consequently, the plasma-tissue interaction must provoke a disturbance of the 
skin barrier that permits large amounts of topically applied substances to be deliv-
ered into the deeper skin layers. Thus, beyond wound healing, the plasma technol-
ogy may provide completely new applications in the field of dermatology and 
pharmacy.

The excellent penetration ability of topically applied substances under the 
action of plasma led to the question whether nor not bacteria and fungi can be 
transported through the skin barrier under these conditions. The size of bacteria 
is normally 1–10 μm in diameter [15], whereas fungi can even be as large as 
200 μm [16].

In order to answer this question fluorescent particles of 70 and 700 nm, respec-
tively, in diameter were used. Then, the penetration enhancement experiment 
was repeated. The nanoparticles were applied to the skin surface and their 

Treatment Skin surface tratum basale Papillary structure

Non treated
70 nm and

700 nm

treated
70 nm

treated
700 nm

Fig. 27.5 Fluorescence signals of the applied formulation with nanoparticles with a diameter of 
70 and 700 nm in different depths of the skin without and with plasma application [14]
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distribution on the skin and in the deeper skin layers was analyzed by laser scan-
ning microscopy. Again it was found that without any plasma treatment the par-
ticles remained on the skin surface [14]. However, after the plasma treatment, the 
particles of 70 nm in diameter were detectable at high concentrations both in the 
stratum basale and in the papillary structure. The particles of 700  nm in size 
remained on the skin surface; no fluorescence signals could be detected in the 
deeper skin layers [14].

Consequently, a barrier disturbed by plasma is only permeable for particles of 
about 70 nm in size, whereas particles of ≥700 nm do no penetrate. This ensures 
that the plasma-tissue interaction is unable to stimulate the penetration of bacteria 
and fungi. In addition, it can be supposed that bacteria and fungi are destroyed by 
the interaction with the plasma.

After the hints for influencing the skin barrier in vitro by TTP with the probable 
consequence of increased skin penetration and the confirmation of penetration 
enhancement on porcine ear skin, this technology was now to be tested in vivo on 
humans. In the first experiments, the fluorescent dye sodium fluorescein was again 
topically applied to the skin. As in the case of the porcine ear skin, the fluorescent 
dye could only be detected on the skin surface but not in the deeper layers of the 
tissue, unless the skin was treated with plasma. In the second phase of the in vivo 
experiments on humans, the fluorescent dye was not applied to the skin before, but 
subsequent to the plasma treatment. This decision was taken to avoid an interaction 
between the plasma and the fluorescent dye. If active drugs are used, a plasma- 
chemical reaction could occur that changes the active substance. Such effects are 
well-known from plasma chemistry. The subsequent investigations by laser scan-
ning microscopy demonstrated, however, that in the deeper skin layers, i.e., in the 
stratum basale and in the region of the papillary structure, no fluorescence signals 
were detectable. This means that the skin barrier regenerated very quickly so that 
the fluorescent dye that was applied to the skin after the plasma treatment had no 
time to penetrate. No matter how quickly the fluorescent dye was applied to the skin 
surface after the plasma treatment, the result had always been the same. This called 
for a method permitting substances to be applied to the skin before the plasma treat-
ment, at the same time guaranteeing that the respective substance undergoes no 
structural changes during the plasma treatment.

In a next phase, nanocontainers were developed which remained unchanged by 
the plasma [17]. These containers shall be filled with active substances in the future. 
The containers will withstand the plasma treatment without being damaged. They 
will be transported into deeper skin layers where they have to release their drug. The 
selection of a suitable trigger mechanism for drug release is currently a hot topic of 
research.

If these research activities can be successfully implemented, the plasma technol-
ogy will not only be suitable for wound healing but also for stimulating the penetra-
tion of topically applied substances, thus opening up new applications in 
pharmacology and dermatology.

J. Lademann et al.
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28Designing Clinical Studies  
in Wound Healing

Tobias Zahn

28.1  Introduction

Wound healing as an indication for new treatments is sometimes referred to as a 
graveyard for product development. Indeed, in particular for pharmaceutical devel-
opments, failed developments abound and dampen the interest of pharmaceutical 
companies and investors to fund projects in this space.

Physical plasma has generated much interest and shows promise as a new thera-
peutic option for wounds, as demonstrated by a growing list of publications of com-
pleted clinical studies.

Wounds vary, and patient’s healing capacities differ, many different treatment 
modalities are available and are used—these and other factors present challenges 
in designing clinical studies that are specific to wound healing studies. This essay 
aims to reflect on some of these challenges and to describe approaches that have 
been successfully used to address them. And while a good study design has no 
influence on the efficacy or safety of the investigational product or procedure, it 
supports the collection of high quality data enabling conclusions that build evi-
dence for the investigated therapy.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_28&domain=pdf
mailto:tobias.zahn@3rpc.com
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28.2  Practical Considerations in Planning a Clinical Study

Over the years, pharmaceutical regulators have developed a detailed set of interna-
tionally respected rules to guide drug development. They are available from the 
International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use, better known under its acronym ICH.1 As the 
name implies these guidelines do not apply to medical devices and medical proce-
dures and some are very specific to pharmaceuticals or individual indications, nev-
ertheless some of the guidelines provide a very useful framework that can (and 
needs to) be adapted to the needs of any clinical study. In particular the ICH E6 
guideline ‘Good Clinical Practice’ and ICH E3 guideline ‘Clinical Trial Reports’ 
should be mentioned here.

Another important source of guidance and support can be the local clinical study 
competence centers present at many medical research centers and university hospi-
tals as well as institutional review boards and ethics committees. Early communica-
tion with them is usually encouraged.

Structure of an ICH Clinical Study Protocol2

 1. General Information (Study title, names and contacts of responsible 
persons)

 2. Background information (state of knowledge on the investigational 
therapy)

 3. Study Objectives and Purpose
 4. Study Design (endpoints, measures to avoid bias such as randomization 

and blinding)
 5. Selection and Withdrawal of Study Participants (eligibility criteria, with-

drawal criteria)
 6. Treatment of Study Participants (mode of administration, schedule)
 7. Assessment of Efficacy
 8. Assessment of Safety
 9. Statistics
 10. Direct Access to Source Data/Documents
 11. Quality Control and Quality Assurance
 12. Ethics
 13. Data Handling and Record Keeping
 14. Financing and Insurance
 15. Publication Policy
 16. Supplements

1 www.ich.org.
2 ICH E6 (R2) guideline section 6.

T. Zahn
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The clinical study protocol describes in detail the planned study. In designing a 
clinical study and writing a clinical study protocol, decisions have to be taken on 
many details. The writing of a clinical study report or a publication of the results 
will occur much later, often several years later—at which point it will prove difficult 
to remember the reasons and justifications for certain details of the study design. 
Therefore in parallel to the writing of a clinical study protocol (from first draft to 
later versions) a separate design rationale document should be created that docu-
ments the rationale for each individual decision. This will greatly facilitate not only 
the writing of responses to regulatory queries, of study reports and publications but 
in addition provide a very useful training document for new study team members. 
For smaller studies, such rationales may be included directly in the study protocol—
for larger studies with several sites and investigators it would make the study proto-
col unwieldy and a leaner document will be appreciated by team members 
conducting the clinical study.

No matter how small or large a study, quality control and quality assurance mea-
sures are of great importance to ensure validity of the study data. The 2016 update 
to the ICH E6 guideline (R2) emphasizes quality assurance. A risk analysis should 
be conducted before study initiation (and reviewed and updated regularly). Areas 
identified to pose risks in particular for patient safety and for data integrity can then 
be prioritized and specific quality assurance measures employed to ensure an early 
identification of any occurred deviations. Since certain risks are likely to be already 
addressed by measures of the protocol, a design rationale document may again 
prove a useful tool as it can be reviewed to identify and qualify risks.

28.3  Challenges in Wound Healing Studies and Design 
Considerations for Prospective Clinical Wound  
Healing Studies

“Each wound is different”—this often stated notion highlights a particular chal-
lenge for clinical studies since insights are sought that apply to more than a single 
patient and can be generalized to a broader population. Several patients and wounds 
need to be pooled in a clinical study. In the end, the definitions of the wound type 
and of inclusion and exclusion criteria aim to convincingly accomplish the meaning 
of the opposite notion: “A wound is a wound is a wound…”.

All the more it is of great importance to control confounding factors that would 
potentially skew the study results. For the purpose of a clinical study the type of 
wound studied needs to be clearly defined to allow a precise selection of study par-
ticipants. Beyond the type of wound (e.g., chronic venous ulcer, partial thickness 
burn) other potentially confounding factors need to be considered that influence 
wound healing, such as wound size, wound depth, wound age, wound status (infec-
tions!), body weight, substance abuse, disease backgrounds (e.g., diabetes), or med-
ications (e.g., corticosteroids). To provide an example with rather narrowly defined 
eligibility criteria, a study investigating scarring could be conducted in surgically 

28 Designing Clinical Studies in Wound Healing



452

closed wounds of patients within an age range of 35–65 years who underwent thy-
roidectomy within the last 4 days, a body mass index ranging from 20 to 25, and 
excluding patients with a history of diabetes, substance abuse, patients using sys-
temic corticosteroids. It will depend on the specific research question how narrow 
the definition of eligibility criteria needs to be. E.g., for an initial efficacy study of a 
new method narrowly defined criteria for a homogeneous patient and wound sample 
can be advantageous while for other questions a broader definition may be more 
appropriate. Also, the benefits of reducing and controlling confounding factors by 
use of very narrowly defined eligibility criteria need to be balanced against the fea-
sibility to conduct the study and to identify and recruit a sufficient number of such 
narrowly defined patients.

Wound healing is a prolonged process encompassing several phases from inflam-
mation to tissue regeneration (granulation and reepithelialisation) to scar matura-
tion. A treatment benefit can apply to various stages and aspects of wound healing, 
e.g., clearance of a wound infection, time to wound closure or scar quality (e.g., 
pruritus, skin pliability or pigmentation). This illustrates that the goal of most 
wound healing studies to demonstrate an ‘improvement of wound healing’ is too 
generic. A useful study endpoint definition needs to be much more specific and 
quantifiable.

For endpoint definitions and other study design aspects a guidance document of 
the US FDA can be consulted [1]. Many aspects discussed in this guidance for 
development of therapies for chronic cutaneous ulcers and burn wounds are also 
applicable to other wound types. For superficial partial thickness burns (and other 
single skin wounds healing by secondary intention) that achieve reepithelialisation 
and wound closure within a couple of weeks, time to wound closure is recom-
mended as endpoint. For diabetic foot ulcers (and other chronic wounds) it is instead 
recommended to determine the proportion of wounds that achieve wound closure at 
a predefined time point (e.g., after 120 days of study treatment).

Randomized controlled trials (RCTs) are considered gold standard for clinical 
studies, and this is often used with the understanding of a parallel group double- 
blind placebo-controlled study design in which both investigator and patient are 
unaware which patients receive the active treatment and which the control treat-
ment. Naturally this is often not easy to accomplish or even impossible in surgical 
disciplines and presents a particular challenge for many wound therapies including 
physical plasma.

A possible solution to achieving a blinded evaluation is the use of a second inves-
tigator as blinded assessor who is unaware to the treatment—i.e., one investigator 
applying the treatment in an open, unblinded fashion, and a second investigator 
assessing the wound independently of the first investigator [2]. Obviously it will 
require close attention in the planning and conduct of the study to avoid any unin-
tentional unblinding, e.g., from skin markings, from communication with the 
patient, or from other study team members. Another option for an observer-blinded 
assessment is the use of a photo-based blinded evaluation. This is much easier to 
conduct in a securely blinded fashion—the disadvantage being that a photo-based 
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assessment provides much less information to the assessor compared to the direct 
assessment of a wound. Nevertheless, photo-based evaluation is a reliable method 
to determine wound closure, and use of several assessors instead of a single one can 
further improve quality of assessments [3, 4].

In a study design that uses open (unblinded) treatment by the investigator the 
randomization process has to be particularly strict and manipulation-proof to ensure 
that the investigator has no influence to the treatment allocation.

Consider using an intra-individual study design in which treatments are compared 
simultaneously in two wound halves (or two matching wounds) in the same patient 
(see Fig. 28.1 for an example). For a local topical treatment such as physical plasma 
this may be the most efficient study design for many research questions. It elegantly 
controls for confounding factors that determine an individual patient’s healing capac-
ity as both study treatment and control treatment are compared against each other in 
the same patient-individual background [5–7]. Consequently sample size estimates 
will be lower as natural background variation in wound healing is avoided. Even 
single-digit patient numbers can provide very convincing results in such a study 
design [8]. A disadvantage however is that the overall impact of a therapy on a patient 
may not be measurable in such a study, e.g., questions related to quality of life or 
differences in health care resource utilization (e.g., days hospitalized).

If a simultaneous intra-individual treatment comparison is not feasible, for 
chronic or recurring wounds a sequential design may be a suitable alternative that 
similarly benefits from the avoidance of [9].

Prerequisites for Using Intra-Individual Comparison in a Study Design
• Local effect (no systemic effect)
• Restricted local application (no spreading to other wound area, no cross- 

contamination by active or control treatment)

Day 1 Day 2 Day 4 Day 7 Day 9 Day 11 Day 14

M

O

Fig. 28.1 Intra-individual comparison of two topical treatments (here: Episalvan® gel + Mepilex® 
wound dressing [O] vs. Mepilex® wound dressing alone [M]) in a split-thickness skin graft donor 
site wound. From [6]
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Standard of care is typically poorly defined in wound therapy. Wound care is 
dominated by a large number of available products and procedures, and consensus 
is mostly limited to general recommendations such as wound cleansing and clearing 
of infections (in case of contaminated or chronic wounds) and the provision of a 
moist wound healing environment to support the endogenous healing process. 
However, for a meaningful study result it is necessary to precisely define a uniform 
study procedure to apply the study and control treatments that is in line with a stan-
dard of care that is agreeable to a majority of experts in the field. Choice of a control 
treatment that is not well known will make it difficult to put the study results into a 
broader context. Similarly, choice of a well established but no longer considered 
state-of-the-art treatment will make it difficult to interpret a study result (e.g., silver 
sulfadiazine cream has a long history of control treatment in studies with partial 
thickness wounds such as grade 2 burns which led to the demonstration that silver 
sulfadiazine cream slows down wound healing [10]—therefore newly planned stud-
ies investigating time to wound closure should use different comparators because 
demonstration of accelerated healing vs. silver sulfadiazine cream would be the 
expected outcome anyhow).

The large variety of products and protocols used in wound treatment combined 
with the variety in wound types and few available natural history studies present a 
challenge in estimating the baseline result of a control treatment. Such uncertainty 
about the baseline treatment effect makes sample size estimates less reliable. 
Conservative planning of a study will increase the sample size. Such an increase 
may be so substantial that it may be useful to conduct a pre-study first to generate 
more reliable data for the natural disease progression and/or efficacy of a standard 
of care control treatment (which may be addressable by a retrospective study). 
Another approach is to plan for an interim analysis that will evaluate treatment suc-
cess after a predefined smaller number of patients has been treated—the results of 
this interim analysis may lead to adaptation of the sample size in the ongoing study 
[6]. In order to achieve the same level of statistical significance, an interim analysis 
comes with a prize in that a higher level of significance has to be reached than the 
customary level of p = 0.05 (two-sided). Nevertheless this may be a small prize to 
pay in case of limited data on the expected success rate of the control therapy or on 
the effect size of the active therapy. Detailed discussions with a biostatistician are in 
any case strongly recommended.

Chronic wounds by definition require prolonged treatment, and treatment is typi-
cally provided in an out-patient setting with relatively little control of the study team 
over the actual care at the patient’s home.3 In particular in such settings patient 
adherence and proper administration of the study treatment present a challenge. 
This can be addressed to some degree by patient education and more visits and 
patient interactions than would be required for efficacy or safety evaluation (e.g., 
additional patient visits early after initiation of treatment, nurse visits to patients’ 
homes, or phone calls).

3 This applies also to frequently recurring wounds in blistering diseases, e.g., epidermolysis bullosa.
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In the context of chronic wounds it is important to note that enrolment into the 
study and the additional attention received from the study team by itself may lead to 
an improvement of the wound. Patients in a standard of care treatment arm may be 
more compliant and diligent with their therapy. And the use of placebo creams may 
have a beneficial effect as a result of regular and frequent application of an emollient. 
Many examples exist of studies in which the success rate of the control treatment was 
much higher than initially expected, increasing the hurdle for an active treatment to 
demonstrate benefit over the control treatment in a clinical study setting.

A possible remedy here is to use a run-in phase before initiation of treatment 
with the study medication, e.g., [11]. Patients will be enrolled into the study and for 
the first weeks all be treated with the control treatment. Patients that show substan-
tial improvement during the run-in phase, who apparently benefit from the control 
treatment, can then be excluded from the study before randomization into the study 
treatment arms.

Before embarking on larger studies, the close observation and careful documen-
tation of initial case studies is very powerful to develop rich hypotheses to test in a 
larger trial. Collection of detailed data not only on time to wound closure but also 
additional parameters related to quality and functionality of the regenerated skin 
(e.g., redness, pigmentation, pliability, trans-epidermal water loss), possibly com-
bined with analysis of gene and protein expression from skin biopsies can provide a 
comprehensive and detailed picture on the wound healing progression in treated 
areas. Such detailed understanding of treatment effects in a small number of patients 
and wounds compared to standard of care treated wounds enable to delineate the 
specific effects of the study treatment or its different doses or modes of application. 
Such detailed description and understanding is required for a well informed deci-
sion on the study procedures and endpoints in a study protocol for a larger trial that 
subsequently investigates efficacy and safety in a larger patient cohort.

 Conclusion

Despite—or because of—the challenges in conducting clinical studies in wound 
healing, it is a worthwhile and rewarding task to generate new medical evidence 
in this area that affects the lives of millions of people. Wound treatment will 
benefit from new medical evidence generated for physical plasma as well as for 
other both experimental and established wound treatments. The following rec-
ommendations are intended as a summary to guide your clinical study design 
process:

Keep it simple!
A single clearly defined research question enables a lean study design. It is 

tempting to add a large number of analyses and read-outs, after all it takes con-
siderable amount and effort to recruit patients into a study and we want to make 
the most of this opportunity. But consider the toll on patients (e.g., number of 
visits, skin biopsies, long questionnaires or diaries) that may hamper patient 
willingness to participate in a study. And consider as well the availability of 
resources to plan, collect and analyse all these data that after all are only second-
ary to your primary research question.
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Unless required for the specific research question avoid conducting studies in 
vulnerable patient populations, e.g., children or patients in an emergency situa-
tion—informed consent, ethics committee approval and patient recruitment are 
much more difficult. Keep the number of languages, countries and sites involved 
to a minimum—and in case it is necessary to involve multiple sites, countries and 
languages plan for generous project management capacity.

Keep it real!
Know your resources and aim accordingly. But don’t compromise on study 

quality and avoid underpowered studies—they are a waste of time and resources! 
Use standard procedures and treatment protocols to make the study results most 
meaningful for clinical practice. Focus on a research question for which the 
available resources allow the generation of high quality data.

Plan thoroughly and detailed!
We all want to get started with patient treatments in our clinical studies as 

quickly as possible. However, detailed planning and thorough preparation pays 
off  during conduct and read-out of a study. Search the literature and discuss your 
study design with experts in the field. A thorough planning process sometimes 
seems tedious, yet it is key to design studies that are smooth to conduct for study 
teams and patients and that generate data of high quality—and such quality is 
paramount to create solid medical evidence.

Every clinical study requires considerable time and effort as well as commit-
ment by patients and study team members. Be creative and diligent with your 
study designs—and make these efforts count to advance wound healing!
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29.1  The Market Drive of Cold Atmospheric Plasma Devices

29.1.1  MedTech an Expanding Sector

Significant demographic shifts with ageing populations and the rise in chronic dis-
eases and comorbidities is a major driver of the healthcare sector throughout the 
Baltic Sea Region (BSR).

Every segment within the health sector is currently expanding to meet demand [1].
Medical technology is poised to become one of the next industries to break out 

of emerging markets and play on the global stage. Compared with other industries, 
MedTech has been a late bloomer in emerging markets [2].

Demand for health care is growing rapidly in emerging markets, a function of 
rising household incomes, increased discretionary spending, and aging populations. 
Governments are also investing heavily in health care to combat chronic and critical 
illnesses.

29.1.2  Positive Outlook for CAP Devices

Plasma medicine means the direct application of cold atmospheric plasma (CAP) on 
or in the human body for therapeutic purposes [3].

First CAP sources are now CE-certified as medical devices which are the main 
precondition to start the introduction of plasma medicine into clinical reality. Plasma 
application in dentistry and, above all, CAP use for cancer treatment is becoming 
more and more important research fields in plasma medicine.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_29&domain=pdf
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The ultimate physical and technical objective is to design easily-controllable plasma 
devices specifically adapted to different demands (indications) in medical therapy.

No market reports appears publicly available specific for CAP devices but the 
general outlook for the BSR health care sector and the global market situation for 
MedTech support the introduction of the devices provided they are cost efficient, 
have equal or better therapeutic effects and are safe.

29.2  Barriers for Development and Introduction  
of CAP Devices

29.2.1  Create a BSR CAP Snapshot

In BSR as in the EU as such a fragmented system of research and innovation may 
indicate weak internal links and a too low level of cooperation between actors.

Moreover, weak transnational and trans-sectoral coordination of the whole inno-
vation chain is impeding the translation of innovative ideas from research to market 
readiness, obstructing development of innovative ideas by SMEs and slowing down 
diffusion and adoption of innovative products and services [4].

There is no reason to believe this should be different for an emerging field like 
plasma medicine and the development of CAP devices.

So a focus may be to establish an effective Baltic Sea Region trans-national inno-
vation chain within plasma medicine and CAP device development.

However, this requires a snapshot of the main public and private stakeholders 
which is not yet available, therefore it would be crucial to create a BSR plasma 
medicine and CAP device stakeholder overview.

29.2.2  Facilitate Industry Access to the Clinical Environment

Critically, in seeking to be modern, responsible and sustainable health care systems, 
health care providers should [5]:

 1. be encouraged to become co-producers of health innovation through participa-
tion in regional and cross-border value chains and ‘living labs’ with industry and 
research facilities

 2. be open to new and affordable innovative products e.g. CAP devices. The issue 
here is not the cost of new innovative products and the changes to service provi-
sion they enable. It is if their adoption reduces the demand for and the costs of 
acute and long-term services especially.

This is important because public expenditure on health care will jump from the 
present 8–12% of GDP to >14% in 2030 and continue to grow after that.
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29.2.3  Public-Private Collaboration and Living Labs

This necessitates collaboration with industry (especially SMEs) and enhances focus 
on commercialization of innovative ideas from “bench to bedside” and vice versa.

However, there are significant cultural differences between the public and the 
private sectors. Also, public procurement procedures make it hard for SMEs with 
new and perhaps more effective and affordable innovative products to enter foreign 
markets.

Fundamentally, there is lack of efficient support structures for companies 
involved in health care innovation, though good examples can be found.

A target for BSR collaboration on plasma medicine and CAP device develop-
ment could thus be to facilitate access to health infrastructures for start-ups and 
SMEs promoting commercialization based on excellent client validation opportuni-
ties, hands-on feedback and input for product development.

Co-creation and experimental testing of products in real-life are key aspects of 
Living Labs, which thereby help and support companies to rapidly commercialize 
and scale up their innovations and products to the global markets.

But Living Lab infrastructures mostly serve only locally or regionally and their 
access to clients is often critically low. Therefore it would be an advantage to link 
together regional living labs which may serve for plasma medicine and CAP device 
development.

29.2.4  Bringing CAP Devices to Patient Use

Commercialization and bringing innovative solutions to hospitals is difficult and 
encompasses many obstacles before reaching the patient.

For example nine pre-conditions were identified in ScanBalt BioRegion [6]:

• attract funding in the form of business angels, venture capital or investment firms
• evaluate the feasibility of the idea
• find clinical partners and communicating customer benefits
• go through quality assurance and clinical trials
• find strong management and attracting competent people
• have regional triple helix clusters and networks
• be informed about procurement rules and processes
• stay competitive in the procurement process
• have opportunities for additional training within these fields.

These are tasks which with advantage could be assisted by a macro-regional 
network collaboration and would be another important cornerstone in addition to 
linking together Living Labs in order to promote a macro-regional innovation 
chain.

29 The Baltic Sea Region as One Test and Development Site for Cold…



464

29.3  Coordination of Funding Sources for Plasma Medicine 
and CAP Device Development

29.3.1  Macro-Regional Collaboration and Investments

In general Macro-regional concepts and regional clustering may assist to [7]:

 – Promote the health economy
 – Address grand societal needs and challenges with collaborative measures
 – Reduce disparities between the levels of development between regions
 – Mobilize growth potential to achieve economic, social and territorial cohesion
 – Enhance investments in knowledge
 – Increase networking and coordination between main stakeholders
 – Improve framework conditions
 – Reduce fragmentation
 – Avoid unnecessary duplication
 – Promote smart specialization
 – Mobilize regional and national investments

Macro-regional collaboration has shown the capacity to mobilize regional and 
national investments which otherwise would not have been available for trans- national 
collaboration based on a common vision and strategy for the macro-region [8].

29.3.2  Coordination Between Funding Sources

In addition macro-regional collaboration has shown the capacity to coordinate 
regional and national investments with various EU funding sources like regional 
development funds and research funds.

An example here is ScanBalt which with the common aim of the Baltic Sea 
Region as one test and development site for health care products and services [9] 
has been able to direct regional investments coupled with ERFI and research funds 
towards this aim.

 Conclusions
Plasma medicine and CAP device development are in the author’s opinion in a 
position to benefit from a macro-regional collaboration in the Baltic Sea Region.

Such a collaboration is a lever to bridge gaps in the innovation chain, increase 
investments and coordinate between funding sources in the pursuit of a common 
goal.

This goal could be the Baltic Sea Region as a globally leading hub for plasma 
medicine research and for CAP device development.
ScanBalt BioRegion may be a model to be applied for the collaboration.
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30.1  Introduction

Plasma medicine and aesthetic laser medicine belong together, as two options of 
photonic treatment i.e. chronic wounds, infected skin and contaminated ulcerations 
are some of the worst complications in aesthetic laser medicine. Furthermore, treat-
ing these complications or preventing them in case of risk is the main indication for 
plasma medicine and the on-label-use of the devices at present.

Photonic therapy requires the adequate training of doctors and nurses so that they 
may use laser and plasma technology in an effective and non-hazardous manner. 
The standardization and structuring of the training programs and education provides 
the most effective approach to consistent and reliable good quality in treatment and 
quality management [1]. Since 1999, the Diploma of Aesthetic Laser Medicine 
(D.A.L.M.), (http://www.laserstudium.eu), has been the main university degree in 
this highly specialized field with a multicenter international teaching program. The 
programme remains independent from manufacturers and is based at Greifswald 
University in cooperation with the Deutsche Dermatologische Lasergesellschaft 
(DDL) in Germany and Institute of Laser & Aesthetic Medicine (ILAMED) as an 
offshore campus in India for the English speaking countries. The D.A.L.M. degree 
is suitable and permitted for public announcement through the practice sign of the 
holder; thereby attesting of his/her expertise and experience in the field.

With the introduction of licensed plasma medical devices in 2013, the curricu-
lum has been revamped and extended in 2016. The plasma medicine supplement 
comprises hands-on activities, as well as a research oriented part, either (1) 
included into the current curriculum or (2) as a supplement for holders of the 
D.A.L.M. degree or (3) independently from the standard degree program, because 
plasma medicine is not a form of treatment solely restricted to aesthetic laser medi-
cine, but a research subject of its own for scientists, as well as a practical subject 
for nurses.

The extended Diploma of Aesthetic Laser Medicine and Plasma Medicine, rep-
resenting the full range of today’s photonic therapy options, is certified by Greifswald 
University at an academic degree level; providing an integrated, multidiscipline 
approach with learning objectives based on innovation and high quality research. 
The plasma medicine supplement was initiated by the same institutions who initi-
ated the well-established D.A.L.M. program, and more recently, the National Centre 
of Plasma Medicine (NZPM) in Germany. Moreover, there exists a Certificate of 
Esteem in Plasma Medicine for doctors who do not wish to cover the full scope of 
aesthetic laser medicine, but completed and focused on the plasma medicine 
supplement.

These degrees and certificates are open only to licensed doctors. However scien-
tists committed to plasma research and nurses involved in plasma treatment are 
encouraged to attend the lectures of the plasma medicine supplement too. They may 
receive a document attesting of their qualified participation by the National Center 
of Plasma Medicine, upon request; to make their newly gained expertise known.

H.-R. Metelmann et al.

http://www.laserstudium.eu


469

30.2  Diploma in Aesthetic Laser Medicine (D.A.L.M.)

The curriculum of D.A.L.M. covers the full range of laser medicine in aesthetic 
medicine and surgery: from laser technology, laser physics, laser-tissue interactions, 
laser safety; to medical humanities, research, practical management aspects and 
detailed hands-on-clinical application. All subjects of education and training 
requirements are assembled in a scientific and practice-oriented study program that 
forms the basis of the lectures, training units and the final exam. Licensed doctors 
(MD) are enrolled as guest student at the University of Greifswald individually, and 
set up themselves a relevant study program by enrolling for lectures and practical 
trainings of their own choice. HAMMES has performed a scientific investigation of 
the educational effectiveness of the D.A.L.M. program. According to the results of 
his research; the program is a combination of lectures, training sessions, self-study 
and in-depth scientific foundation which lasts 18–24 months and is organized in 
three pillars of studies [2].

30.2.1  Dies Academicus (Lecture Units)

The foundational lectures are offered at the monthly Dies academicus. The Dies 
takes the form of an all-day seminar with successive inputs by all lecturers, taking 
place at the facility of the responsible lecturer, i.e. in alternating locations. A com-
plete Dies program comprises the eight certificates received upon completion of 
eight seminars that cover all areas of laser medicine.

30.2.2  Hospitationes (Training Units)

The basic hands-on-training units take place at the Hospitationes in the Institutes of 
the lecturers. The main tenets of the training program are: observation, assistance, 
independent treatment with assistance and independent treatment under 
supervision.

The full Hospitationes program comprises eight certificates of attendance that 
cover all areas of laser medicine in clinical practice.

30.2.3  Studium Generale (Self-Study)

Self-study by participating to additional lectures, scientific and technical meetings 
and continuing education courses outside the regular study program is mandatory. 
Initially, visiting reputed conferences also serves to orientate the student within the 
subject area. A minimum of five certificates of attendance of meetings and interna-
tional conferences document self-study in laser medicine.

30 Safe and Effective Plasma Treatment by Structured Education
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30.2.4  Colloquium (Exam)

The Examination Board finalizes this 3-pillar-study program. It is performed as a 
panel discussion as per the regulations for the conduct of examinations enacted by 
the Federal Ministry of Education. The exams take place at Greifswald University 
(mainly for German speaking students) or on behalf of and supervised by Greifswald 
University at ILAMED, in New Delhi (India) (mainly for English speaking stu-
dents). The exam comprises of the presentation of the candidate’s diploma thesis, of 
an empirical discussion of at least five cases treated under the responsibility of the 
candidate, and of a demonstration of knowledge and practical abilities in the whole 
range of aesthetic laser medicine.

The Diploma of Aesthetic Laser Medicine (D.A.L.M.) provides the evidence of a 
doctor’s qualification in aesthetic laser medicine.

30.3  Diploma in Aesthetic Laser and Plasma Medicine

Licensed doctors interested in applying plasma clinically and having already com-
pleted the D.A.L.M. degree or having begun the program; should be encouraged to 
apply for the added curriculum in plasma medicine. The intention of such university- 
based education and manufacturer-independent courses is to make the doctor’s use 
of plasma devices effective and non-hazardous for patients [3]. The additional pro-
gram to the regular D.A.L.M. curriculum focuses on plasma technology, plasma 
physics, plasma biology, plasma immunology, plasma tissue interactions, plasma 
safety and clinical plasma medicine in all its practical and research aspects.

30.3.1  Plasma Medicine Supplement

The special study program part concerning plasma medicine is based upon partici-
pation to

  two seminars of Dies academicus with a focus on plasma medicine sciences and 
research,

  two hands-on-training courses like Hospitationes, putting an emphasis upon 
bed- side training,

  two conferences featuring plasma medicine research as Studium generale, for 
example at the meetings of the National Center of Plasma Medicine (NZPM) in 
Germany, at the conferences of the International Society of Plasma Medicine 
(ICPM) or at the annual International Workshop on Plasma for Cancer Treatment 
in (IWPTC) , and finally

  presentation and discussion at the Colloquium of the board examination of two 
fully documented cases of plasma treatment or of one scientific paper in the field 
of plasma medicine, prepared for publication in a peer-reviewed journal like 
Clinical Plasma Medicine.
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The Diploma of Aesthetic Laser and Plasma Medicine is giving evidence of a 
doctor’s qualification in aesthetic laser medicine as well as in plasma medicine.

30.4  Certificate of Esteem in Plasma Medicine

Licensed doctors (M.D., D.D.S.) not involved in aesthetic laser medicine but inter-
ested to become qualified in the safe and effective use of plasma medicine may 
consider education and hands-on training in plasma medicine independently from 
the D.A.L.M. degree. They are invited to participate to the courses of the plasma 
medicine supplement without enrollment at Greifswald University but at the 
National Center of Plasma Medicine. Participants having successfully completed 
the full program of the plasma medicine supplement as presented above shall 
receive a Certificate of Esteem in Plasma Medicine by the National Center of 
Plasma Medicine, which will give evidence of a doctor’s qualification in plasma 
medicine.

Scientists with non-medical background involved or active in the field of plasma 
medicine research, in randomized clinical trials, as members of the editorial board 
or as reviewers in relevant journals, and mainly interested in learning about the doc-
tor’s view in clinical plasma medicine, are very much welcome. They may proceed 
to their own selection of seminars and participate at the clinical courses in German 
or in English. The same goes for nurses practicing in the field of wound care man-
agement. They do not need to enroll at Greifswald University, but at the National 
Center of Plasma Medicine, if they would like to receive an official certificate of 
qualified participation by this institution.

Plasma medicine is rapidly developing, and the study program of plasma medi-
cine supplement has to keep up with the latest scientific advances in this discipline. 
Scientists are warmly invited to join the faculty of the plasma medicine supplement 
as lecturers; and qualified nurses, as practical teachers. The faculty of the plasma 
medicine supplement consists of lecturers covering the complete field of this very 
innovative kind of photonic treatment, from basic research and engineering, to clini-
cal treatment. The plasma medicine supplement study program is committed to 
excellence in the scientific and medical community and is globally oriented, setting 
new standards of education in plasma medicine.

30.5  Under-Graduate Education in Plasma Medicine

Separately from the extended D.A.L.M. program reserved for post-graduate spe-
cialization of doctors, professional information of scientists, and training of nurses, 
there is an under-graduate lecture course “Introduction into Plasma Medicine” 
offered at Greifswald University Medicine. This program (in German language) is 
the first of its kind in medical schools and dental schools internationally and it is 
particularly directed to under-graduate students of medicine and dentistry as well as 
human biology. The curriculum is consisting of a series of one-hour-lectures weekly 
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within one semester held by the professorship for plasma medicine, which was 
appointed in 2011.

The current agenda of the lecture course includes the following main topics:

Introduction: What is plasma?
Atmospheric pressure plasma sources; devices
Clinical plasma medicine: current applications
Wound healing
Cancer treatment
Mechanisms of biological plasma effects
Risk consideration
Outlook
Further development of plasma devices
Further fields of application: dentistry; plasma-treated liquids

With the edition of the first textbook on plasma medicine in 2016 [4] appropriate 
teaching material is available for students’ self-studies. By this lecture series, the 
students receive the opportunity to meet and learn about the new field of plasma 
medicine during their regular studies in medical school and dental school. Starting 
with this facultative lecture the students’ academic education in plasma medicine 
will be further developed during the next years. The aim is to establish plasma medi-
cine as compulsory elective subject of the regular curriculum of medical and dental 
students.
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31.1  Starting Situation

Keyset: Plasma-supported outpatient wound care is one approach to provide opti-
mal care and treatment for patients with chronic wounds at home.

That the population is ageing and that diseases are consequently increasing can 
be confirmed statistically [1]. The prevalence of leg and foot ulcers—one of the 
most common chronic wounds—also increases with age. This correlation has been 
observed around in the world in many studies [2]. The number of patients with 
chronic wounds will continue to rise around the world in coming years. In devel-
oped countries, it is estimated that 1–2% of the population will develop a chronic 
wound at some point in their lives [3]. In 2015 there were about two million people 
suffering from chronic open wounds in Germany and this trend is rising ([4], p. 3). 
One reason for this development is the measurable increase in diseases with an 
associated risk of chronic wounds such as diabetes.

In Germany a lack of continuity and quality in the treatment of chronic 
wounds has been identified and these deficiencies often delay or impede wound 
healing. This situation is particularly stressful for the patients because, in addi-
tion to the physical impairments (e.g. pain), chronic wounds are also associated 
with reduced independence and social interaction. The healthcare system is also 
heavily burdened by supposedly cost-effective therapeutic techniques which, 
however, often involve high nursing costs but a lack of successful outcomes [5, 
6]. According to the German Network for Quality Development in Nursing 
(Deutsches Netzwerk für Qualitätsentwicklung in der Pflege, DNQP) patients 
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with chronic wounds should ideally be treated in their own homes because care 
based on the acute care model is not indicated for chronic wounds. The acute 
care model is not compatible with either the chronic nature of the disease nor 
with the daily needs of patients [7, 8]. However, statistics indicate that in 
Germany very few patients with a chronic wound are treated at home (0.4% of 
patients with diabetic foot syndrome and 1.7% of patients with a leg ulcer) ([9], 
cited from [7]). Most patients receive hospital-based treatment (Heyer 2016). 
The reason for this lies in both the lack of multi- professional outpatient teams 
and a failure to negotiate care interfaces. Plasma-supported outpatient wound 
care is one approach to provide optimal care and treatment for patients with 
chronic wounds at home. This would help to prevent hospitalisations and read-
missions. Particularly in rural areas where wound care for patients by specialists 
may become increasingly difficult to realise [10], outpatient-based cold plasma 
devices—operated by specialist nursing personnel—are a reliable, more feasi-
ble, patient-guided and cost-effective treatment option. Creating a close coop-
eration between doctors and nursing personnel in the plasma-supported wound 
healing process can considerably improve wound management for those affected 
because providing local wound care requires medical and nursing expertise that 
is adapted to the particular stage of the wound and that is based on comprehen-
sive diagnostics. To ensure that there is a rapid and close collaboration between 
specialist nursing personnel and doctors in rural areas, mobile information and 
communication technology will become increasingly important in outpatient 
plasma-supported wound care. Mobile information and communication tech-
nologies enable fast and high quality exchange of information between remotely 
located doctors and specialist nursing personnel. This procedure promises to 
deliver positive outcomes regarding the quality of the treatment and patient 
safety while avoiding additional hospitalisation and saving time and costs. This 
is achieved by rapidly confirming diagnoses and agreeing on a joint treatment 
appropriate for the current wound status. Complications in wound healing can 
thus be promptly identified and countermeasures initiated through quick and 
easy access to medical and nursing expertise.

The positive medical effects of plasma-supported wound care have already 
been considered in the previous chapters and will therefore not be revisited in this 
article. It is much more the role of the specialist nurse—as a second important 
figure in the plasma-supported wound care process—that will be considered more 
closely here.

31.2  The Role of Nursing in Plasma-Supported Wound Care

Keyset: Nursing personnel can be responsible for implementation in the wound 
management process.
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Wound care is defined as a physician-directed task in Germany. Since October 
2013 this task may be delegated to nursing personnel.1 Accordingly, initial 
wound care is carried out by a doctor (responsibility for the diagnosis). The doc-
tor must then decide if and to whom he or she will delegate the ongoing care of 
the patient’s wound. The doctor is therefore responsible for the duties of select-
ing, initiating and monitoring wound care [11].

Nursing personnel can be responsible for implementation in the wound manage-
ment process. They are then responsible for wound management and must provide 
high quality and effective treatment of the wound. In future, delegation of wound 
management by a doctor to nursing personnel could be supplemented or replaced by 
substitution. The tasks carried out by nursing personnel in wound care would then 
range from assessment to planning of interventions to be applied to implementation 
of the therapy plan (wound management) [12].

31.3  Duties of the Nursing Personnel

Keyset: The expert standard forms the foundation for nursing wound care in 
Germany.

In 2009 the German Network for Quality Development in Nursing [13] pub-
lished the expert standard ‘Nursing of individuals with chronic wounds’, which 
according to section 113a of the German Social Code XI is binding for all approved 
nursing facilities in Germany. The expert standard makes a critical contribution to 
the transfer of scientifically verified research findings to nursing practice to ensure 
and develop quality in nursing and thus forms the foundation for nursing wound 
care in Germany [9].

According to its objectives, the following duties are fundamental for nurses in 
wound care and thus also in plasma-supported wound care:

• determining the individual’s disease awareness as well as the wound- and 
therapy- related limitations of the patient,

• supporting health-related self-care, quality of life and well-being of the patient,
• wound management,
• coordinating inter- and intraprofessional wound care as well as
• supporting wound healing and preventing recurrences ([7], p. 19; [14], p. 392).

1 This can be consulted in the ‘Agreement about delegation of medical services to non-medical 
personnel in contractual outpatient care as defined by section 28, paragraph 1, page 3 of the 
German Social Code (SGB V)’.
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The expert standard ‘Nursing individuals with chronic wounds’ indicates which 
structural, process and outcome quality must be given to achieve these objectives 
and considers risk analysis/assessment, the required competencies, action plan, edu-
cation and evaluation (Table 31.1) ([7], p. 21).

31.4  Competencies Required to Implement Plasma- 
Supported Wound Care

Keyset: The subject matter related to specific and complex wound care approaches 
such as plasma-supported wound care generally requires more extensive 
competencies.

A new and innovative approach for treating chronic wounds is plasma-supported 
wound treatment, a technique that requires specific competencies of the nursing 
personnel for its application. Nursing personnel have already acquired the initial 
basic knowledge of wound care during their training in vocational college. The sub-
ject matter related to specific and complex wound care approaches such as plasma- 
supported wound care generally requires more extensive competencies that can only 
be taught as part of continuing education programs.

Table 31.1 Action levels in wound care by nursing personnel ([7], p. 21ff.; [15], p. 219 ff.)

Action level Duties of the nurse
Assessment As part of the patient’s nursing history, the nurse determines and documents 

aspects of the illness, his or her individual disease awareness, wound- and 
therapy-related limitations in self-care and quality of life, medical wound 
diagnosis and options for health-related self-care

Action plan Together with the patient and his or her relatives, the nurse plans individual 
and routine measures with the involvement of other professional groups. The 
action plan includes details about stresses associated with the wound, 
treatment and routine tasks as well as limitations of the patient and details 
about proper and ongoing wound care, prevention of recurrences and 
avoidance of any further harm

Coordination 
of the actions

On the basis of the action plan, the nurse coordinates the professional groups 
involved in the care process, incorporating the patient and his or her relatives. 
The nurse bears responsibility here for implementing hygienic and correct 
wound care and ongoing implementation of the action plan. The nurse 
maintains ongoing documentation that is intended to ensure the transparency 
and traceability of the care process

Education The nurse informs, advises, trains and guides the patient and his or her 
relatives about how to deal with the chronic disease and about any measures 
necessary for wound healing. The nurse provides information about the cause 
of the wound, proper diet, individually adapted skin care, selection of clothing 
and shoes, smoking cessation, handling symptoms such as pain, wound odour 
and wound exudate as well as other support options

Evaluation The nurse assesses the healing progress and reviews the efficacy of the 
measures carried out
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The expert standard ‘Nursing of individuals with chronic wounds’ should therefore 
form the foundation of continuing education programs to teach competencies in 
plasma-supported wound care. The ‘DKG recommendation on nursing continuing 
education’ guideline published by the German Hospital Federation on 29 September 
2015 should be taken into account when designing a relevant continuing education 
program. The guideline includes recommendations and directions for how such a con-
tinuing education program should be designed to comply with the current state of 
knowledge in nursing, medicine and related disciplines. This guideline includes con-
crete procedures for determining entry requirements and the duration, form and struc-
ture of the continuing education program as well as assessment procedures [16, 17].

According to section 7 of the DKG recommendation, a continuing education 
program should be made up of basic modules and specialist modules [16, 17].

Basic modules act as connective elements between nursing education and the 
specific requirements of those participating in the continuing education program. 
They form the basis of proper and skilled behaviour in the professional context and 
are precisely defined by the German Hospital Federation (Table 31.2) [16, 17].

Specialist modules describe the specific technical tasks of the nursing personnel. 
The structure of the specialist modules outlined here for a possible continuing edu-
cation program for ‘Specialist nursing personnel in plasma-supported wound care’ 
is based on the ‘DKG recommendation for nursing continuing education’ but the 
contents are determined by the expert standard ‘Nursing of individuals with chronic 
wounds’ as well as the specific knowledge that is required for the preparation, 
implementation and follow-up of plasma-supported wound care [16, 17]. The link 
between the basic modules and the specialist modules must ensure that nursing 
personnel acquire the relevant competencies for high-quality, effective and efficient 
plasma-supported wound care.

An initial design for possible specialist modules for a continuing education pro-
gram for ‘Specialist nursing personnel in plasma-supported wound care’ could look 
as follows:

Table 31.2 Basic modules for the continuing education program for ‘Specialist nursing person-
nel in plasma-supported wound care’

Module name Module unit
Basic module I Apply 
professionalprinciples

 • Ethical thinking and action
 • Theory-based nursing
 •  Incorporation of the health and disease model
 • Economic considerations in healthcare

Basic module II Initiate and design 
developments

• Learning
•  Planning and designing instruction processes
•  QM—Design work processes in complex 

situations
• Work in projects
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31.4.1  Specialist Module I

31.4.1.1  Principles of the Wound Care Process
• Pathophysiology
• Assessment of the wound status and the course of wound healing, 

documentation
• Therapy measures and their influence on quality of life and social participation
• Prophylaxis and prevention of recurrence
• Experience of illness and nursing-related issues for those affected
• Integration of the patient’s disease awareness into the nursing and care process
• Self-care and the necessary competencies for those affected
• Legal principles (delegation, occupational health and safety, hygiene)
• Implementation of the expert standard in practice

31.4.2  Specialist Module II

31.4.2.1  Action Levels in the Expert Standard
Assessment
• Incorporation of the patient and his or her relatives in the care process
• The use of standardised evaluation tools to assess the treatment need

Action plan

• Documentation with differentiated information on the limitations, anxieties, 
knowledge, self-care options and deficits of the patient and wound diagnosis 
with detailed information on the current wound situation

• Planning of individual and routine measures
• Description and documentation of various interventions and measures for wound 

treatment
• Guidelines of the Association of Scientific Medical Societies (Arbeitsgemeinschaft 

Wissenschaftlicher Medizinischer Fachgesellschaften, AWMF)

Coordination of the measures
• Coordination of the care process
• Outpatient and inpatient care and case management
• Organisation of the network in the area of wound care

Education
• Informing, advising, training and guiding the patient and his or her relatives
• Cooperation, coordination and communication with appreciation of interprofes-

sional relationships
• Advising those professional groups and management that are involved

S. Kirschner et al.



479

Evaluation
• Assessing the healing progress and the efficacy of the measures carried out
• Initiating any necessary changes in the action plan

31.4.3  Specialist Module III

31.4.3.1  Implementation of Plasma-Supported Wound Care
• Advantages of plasma-supported wound care
• Methods and techniques for specific wound diseases
• Planning, preparation
• Implementation
• Post-processing and follow-up care
• Effect, side effects, complications, emergency management

31.4.3.2  Advantages of Plasma-Supported Wound Care Carried out 
by Nursing Personnel

Keyset: The inclusion of nurse’s in the plasma-supported wound care process offers 
advantages for all persons involved in the process.

The use of plasma medicine in the care of chronic wounds is still in its infancy in 
Germany. Nursing is also just starting to take advantage of this new field and to 
develop specific nursing duties. Nurses are therefore included in the plasma- 
supported wound care process along with the doctors and the patients and their 
involvement is associated with advantages for the doctor and the patient as well as 
the nurses themselves.

Advantages from the nurse’s perspective

• New areas of activity may increase the interest young people have in the nursing 
profession. Delegation of the plasma-supported wound care process to nursing 
personnel can therefore contribute to increasing the attractiveness of the 
profession.

• An increase in expertise can be expected. Plasma-supported wound care is a new 
and innovative approach, the use of which requires specific competencies of the 
nursing personnel which are acquired in appropriate continuing education 
programs.

Advantages from the patient’s perspective

• Plasma-supported wound care is a highly specialised and individual treatment 
procedure that can be administered by nursing personnel outside inpatient infra-
structure in the patient’s home.

• A close cooperation between doctors and nursing personnel within plasma- 
supported wound care enables comprehensive, rapid and more effective treat-
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ment of the patient because medical and nursing expertise go hand in hand and 
treatment steps can be discussed at any time.

• The plasma devices are small and easily transported. It is therefore possible to 
care for the patient at home which ensures ongoing treatment and care. This is 
particularly important for immobile patients who are not able to regularly visit 
the hospital or medical practice for wound care.

Advantages from the doctor’s perspective

• Comprehensive and regular wound monitoring and documentation can be 
expected. As part of the patient’s nursing history, the nurse determines and docu-
ments aspects of the illness, his or her individual disease awareness, wound- and 
therapy-related limitations in self-care and quality of life, medical wound diag-
nosis and options for health-related self-care. ([7], p. 21; [14], p. 219).

• Nurses generally have more intense contact with the patient which enables them 
to address and eliminate any worries, anxieties and problems that arise in relation 
to the (wound) treatment.
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32.1  Development

In the 1960s, the first cold atmospheric pressure plasmas (CAP) suitable for the modi-
fication and decontamination of plastics in an industrial application were generated In 
the 1990s, the coincidence of an increasing development of bacterial resistance to anti-
biotics and the refinement of these plasma sources suggested a closer research into the 
potential suitability for the decontamination of the human skin. The renowned Leibniz 
Institute for Plasma Science and Technology e.V. (INP Greifswald)—which at that time 
had already assumed a leading role in low temperature plasma research—took on this 
task by Weltmann et al. [1, 2], Weltmann and von Woedtke [3], Bekeschus et al. [4] and 
started to work on the development of suitable plasma sources within the framework of 
a large interdisciplinary research project (Campus PlasmaMed) including partners 
from medicine and industry. The project result was the prototype of the kINPen® MED 
device, which was further developed to marketability in cooperation with neoplas tools 
GmbH, Greifswald, Germany, who obtained medical device approval for the device in 
2013 as the first CE-certified atmospheric pressure plasma jet.

The kINPen® MED is a cold atmospheric pressure argon plasma jet for superfi-
cial treatment of wounds that are hard to heal and human skin illnesses caused by 
certain pathogens. The cold physical plasma generated by the kINPen® MED has an 
effect on microorganisms such as bacteria, viruses or fungi, including multi-drug 
resistant pathogens, and accelerates the initial healing of the wound.

The plasma jet applies a physical cold plasma with a temperature of ca. 37°C to 
the wound. Surfaces with a more complex structure, recesses, cavities and even hair 
follicles are easy to reach and can be treated evenly. The inert gas argon that is used 
for plasma generation guarantees a consistent and stable atmosphere around the 
generated plasma jet, and thus a high and consistent treatment quality.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_32&domain=pdf
mailto:Renate.schoenebeck@neoplas-tools.eu
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32.2  About the Device

The kINPen® MED plasma device consists of a base unit which is attached firmly to 
a handpiece that creates the plasma jet (Fig. 32.1).

It creates a high electrical voltage (2–3 kV) by employing a high-frequency generator 
(1 MHz) using a stainless-steel electrode inside a ceramic capillary. The device’s operat-
ing gas, argon, flows through the ceramic capillary. Due to high- frequency discharge, 
the gas that is flowing between the electrodes is converted into a physical plasma and 
pushed out of the device as a jet (Fig. 32.2) thanks to the feeding of the gas.

During treatment, the plasma jet is traced over the skin area that is in need of 
treatment at a distance that is kept by a spacer (Fig. 32.3). The skin areas that are 
being treated should be covered as evenly as possible, at a moderate speed of around 
5 mm/s.

Fig. 32.1 Base 
unit with 
handpiece, 
spacer, tray and 
protective cap

Fig. 32.2 Device 
head with jet
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The kINPen® MED’s plasma has a treatment field of approximately 1 cm2. The 
intensity of the treatment is controlled by the length of treatment and, in order to 
achieve the best possible effect, should amount to roughly 30–60 s/cm2 per treat-
ment area.

The beneficial effects are created by the “cocktail” of excited types of gas present in 
plasma, as well as low radiation in UV-light conditions, an electromagnetic field, a 
short-term rise in temperature and the creation of free radicals. These physical effects, 
which are already being used individually for therapeutic purposes in medicine, are 
combined synergistically. The skin surface that comes in contact with the jet profits from 
the antimicrobial, antimycotic or antiviral effect and cellular proliferation is enhanced.

The plasma is produced in the same place as it is used and it is kept stable. It can 
work quickly, variably and without making direct contact with the surface and, 
thanks to the jet procedure, can even access the smallest of cavities (Fig.  32.4), 
which are hard to reach or not suitable for treatment with antiseptics.

The therapy is used as a supplement to standard wound management. The appli-
cation can be performed in one-day to three-day intervals as long as there are no 
side effects. The duration of the cold plasma therapy depends on the individual 
wound condition and the treatment frequency.

Prior to the plasma treatment necrotic wounds have to undergo debridement. The 
plasma treatment should be performed before topical medication to avoid undesired 
interactions with antiseptics.

The device is easy to use, it only has a power switch and an on/off button to start 
the flow of gas and can display error messages on the display (Fig. 32.5).

The attending doctor can therefore delegate its use easily. Operator satisfaction 
is high, because the area that is in need of treatment can be treated precisely with the 
handpiece and the tracing of the handpiece is similar to how scalpels are used.

For flexible use in a practice or hospital, neoplas-tools GmbH offers a hospital 
transport trolley to which the device and the gas cylinder are fixed (Fig. 32.6). The 
trolley also offers storage space for other materials that may be required during the 
treatment, turning it into a full-featured treatment unit that can be moved flexibly to 
the patient’s side.

Fig. 32.3 Treatment of a 
burn wound
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The satisfaction and compliance of the patients is also high. Mostly, positive 
changes to the area being treated can be seen very quickly, which is very motivating, 
especially for patients that have often experienced years of painful suffering without 
improvement under other therapies. The treatment itself is not, or in a few cases, 
only very minimally, painful. In some cases, permanent pain is reduced consider-
ably after treatment or disappears completely. Patients with itchy skin conditions 
report a reduction or complete disappearance of itchiness, in some cases it did not 
reappear after the first treatment.

32.3  Decontamination with the kINPen® MED

Although highly efficient antiseptics, antibiotics and a number of treatment meth-
ods are available, the successful treatment of chronic wounds continues to consti-
tute a significant problem for both patients and the healthcare system. It is particularly 
problematic that

Fig. 32.4 Illustration of 
the hiatus penetration 
properties

Fig. 32.5 Base unit with 1 
power switch, 2 start/stop 
key, 3 error display (LED), 
4 gas flow control 5 supply 
tube for the handpiece
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 (a) chronic wounds are very often populated with partly multi-drug resistant micro-
organisms, which slow down or stop the healing of the wound and

 (b) the wounds show a weak inflammatory profile which generally has a negative 
influence on the division of skin cells and on the wound closure.

The clinical and preclinical data of the past years show that treatment with the 
kINPen® MED can have a positive effect on the healing of the wound, after the 
wound has been decontaminated successfully.

Fig. 32.6 Treatment unit on the transport trolley
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Daeschlein et  al. [5, 6] carried out in vitro investigations with the preceding 
model of the kINPen® MED, the Plasmajet kINPen 09, and were able to prove the 
inactivation of 105 examined wound infections (11 different species).

In a comparative study on the effect of plasma on skin cells, Wende et al. [7] 
proved that the kINPen 09 and the approved medical device, kINPen® MED, show 
the same level of effectiveness.

Finally, in a further ex vivo examination of 13 different species, including most 
of multi-drug resistant species, Daeschlein et  al. [5] were able to prove that the 
microorganisms were killed or severely damaged by physical plasma.

The positive in vitro results were followed up in vivo. Between December 2014 
and October 2015, for instance, an overall population of 42 patients with (partially 
long-term) ulcers of different origin was treated with the kINPen® MED at the hos-
pital Klinikum Altenburger Land, Altenburg, Germany. All cases included were con-
sidered “beyond therapy”, i.e. all standard therapies including vascular sanitation, 
state-of-the-art wound dressing or vacuum therapy did not lead to any healing prog-
ress. Treated with kINPen® MED, MRSA sanitation occurred in 90% of patients, 
verified by triple smear test. During the follow-up period 22 wounds healed com-
pletely, 18 patients experienced a considerable reduction of the wound surface, and 
the therapy failed in two cases (no treatment effect).

Between the market launch of the plasma jet and mid-2017 an estimated number 
of min. 30,000 treatments were performed on patients with a large variety of wound 
healing disorders and infectious diseases.

32.4  Acceleration of Wound Healing with the kINPen® MED

Kramer et al. [8] found in an in vitro investigation that there was an increased rate 
of proliferation on human cells that were treated with plasma immediately after they 
were removed, when compared to the untreated control. They also observed the 
remission of chronic wounds after 3–24 weeks in four dogs and two cats, who were 
treated with the kINPen 09 because of chronic wounds and partly due to the failure 
of other therapies. The plasma treatment was sometimes carried out in addition to 
treatment with antiseptics and was applied twice a week on average. They sum-
marised that plasma treatment supports wound healing.

Barton et al. [9] eventually determined that treatment with plasma leads to an 
increased production of growth factors for the new creation of vessels, and immune 
hormones for the communication with cells in the immune system; which are both 
important for healing wounds.

These and further results from investigations into the effects of physical plasma 
on cells paved the way for systematically proving the speeding up of wound healing 
in an animal trial. However, there are no animal models with chronic wounds and 
therefore it is difficult or hardly possible to investigate improved healing on living 
animals (in vivo). It was, however, possible to slow down wound healing on the ears 
of hairless mice [10]. Using this as a basis, at the end of 2014, an animal study with 
77 mice was started at the Leibniz Institute for Plasma Science and Technology 
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(INP), in cooperation with University Medicine Rostock (Department of Experimental 
Surgery), whose aim was to examine the effects of plasma treatment on the wound 
healing process [11]. The treatments were carried out precisely on the surface of the 
wound, which had an average area of 0.5 cm2 (±0.2 cm2). The results show that after 
14  days, the wound surface on the ears of mice treated with plasma (20  s) was 
approximately 40% smaller when compared to the surface of the untreated control.

Recent images taken with a hyperspectral camera by Diaspective Vision GmbH, 
Pepelow, Germany (Fig. 32.7) provide convincing evidence of a component that con-
siderably supports accelerated wound healing. The images taken prior to, directly 
after, and 10 min after the plasma treatment clearly show that both the hemoglobin 
level and the oxygen supply increase significantly after a plasma application with the 
kINPen ®MED device. Moreover, this does not only apply to the superficial area 
directly reached by the plasma, but also to the skin layers up to a depth of ca. 8 mm.

plasma  before directly after

surface
hemoglobin

- increase of hemoglobin
content

- marked increase in 
upper skin layer 
oxygenation
- increased oxygenation
even beyond the treated 
skin area

- significant increase of 
oxygenation in deeper 
skin layers (~ 8 mm)

NIR perfusion 
index

upper skin layer 
oxygenation

Fig. 32.7 Hyperspectral analysis image of microcirculation changes in a diabetic foot (Printed 
with the kind permission of Dr. Kai Masur)

32 kINPen MED®



492

32.5  Positive Effects and Features of the kINPen® MED 
Therapy

• supports wound healing
• anti-bacterial and anti-inflammatory effect, deactivates multi-resistant 

pathogens
• wide range of indications for acute and chronic wounds
• painless non-invasive procedure that does not require anesthesia
• precise application even in recesses and cavities
• easy handling
• can be delegated by the attending physician
• no side effects or formation of resistances observed

32.6  Outlook and Further Developments

neoplas tools GmbH is in continuous and close cooperation with hospitals, universi-
ties and research institutions. It initiates and supports studies and observational 
studies, and is refining the device on the basis of information gathered in medical 
practice.

One result of this close cooperation is the development of an exchangeable head 
for the kINPen® MED, which is anticipated to be available from early 2018. With 
this new version, the user will be able to exchange and autoclave the device head. 
This ensures that the device can be used safely and without any problems even dur-
ing operations in an operating room.

In addition neoplas tools GmbH is working on the development of a special 
device for applications in dentistry based on a prototype investigated and con-
structed by Leibniz-Institute for Plasma Science and Technology e.V., INP 
Greifswald, Germany. First results of plasma applications in the oral cavity obtained 
by the hospital Charité—Universitätsmedizin Berlin, Germany, provide highly 
promising indications of treatment options for root caries, mycoses, mouth ulcers, 
jaw bone necrosis and wound healing disorders. The development of a special den-
tal pen is connected with the hope of supplying an effective instrument for the adju-
vant treatment of periodontitis and periimplantitis [12–14]).

In order to extend the study situation concerning medical plasma applications of 
the kINPen®MED device, a placebo-controlled study with the title 
“Kaltplasmatherapie zur Beschleunigung der Wundheilung bei oberflächlichen, 
infizierten chronischen Wunden bei diabetischem Fußsyndrom” (Cold plasma ther-
apy for the acceleration of healing of superficial and infected chronic wounds in the 
presence of diabetic foot syndrome) is currently being conducted by the diabetes 
centres in Bad Oeynhausen and Karlsburg, Germany. Apart from this a joint appli-
cation for ethical approval of the plasma treatment of actinic keratosis has been filed 
together with the University of Mainz. The results of both studies are expected for 
the end of 2018.
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Within the framework of her doctoral thesis supervised by Prof. Dr. Thomas 
Fuchsluger, Helena Reitberger investigated the effect of plasma on eye cells at the 
Universitätsaugenklinik Erlangen (university eye clinic in Erlangen, Germany). Her 
results demonstrated that there is no damage, i.e. that neither apoptosis nor any 
oxydative stress was triggered during a 0.5 to 2-min treatment with the 
kINPen®MED. Based on these results, four patients with infected corneal ulcers 
have so far been treated with the device with highly promising results within the 
framework of individual healing efforts at a hospital in Bremen, Germany. The pub-
lication of these cases is scheduled for the end of 2017.

32.7  Successfully Treated Indications

According to the current licence, the kINP®MED is meant to be used for treating 
chronic wounds and pathogen-caused illnesses of the skin and skin appendages 
(Table 32.1).
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Indications Therapy until now
Ulcers of all kinds of aetiology
Acne vulgaris Diverse, can be very lengthy
Rosacea + rhinophyma (common inflamed reddening 
and bulbous reddened swelling of the nose)

Cosmetics, antibiotics in severe 
cases, operative laser treatment
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33PlasmaDerm® - Based on di_CAP 
Technology

Dirk Wandke

33.1  Introduction

The use of physical plasma under atmospheric pressure has been established in 
daily use in surgery for tissue dissection and sclerotherapy for many years [1]. 
When used as intended, the respective medical devices can be classified as medi-
cally safe. These devices are usually based on the principle of the plasma jet, i.e. an 
inert gas is fed to the devices and is forced out of a nozzle after the plasma is ignited 
and a spot is applied to the site to be treated. However, this single-spot application 
limits the use of the devices for the treatment of larger surfaces, which is usually 
needed for wound care.

The use of direct cold atmospheric pressure plasma in wound treatment is a 
novel, innovative concept; there are numerous potential uses both after surgical pro-
cedures and for chronic wounds. The patented PlasmaDerm® di_CAP technology 
allows faster direct treatment of larger areas and also combines a number of well- 
known effects whose advantages are evident, especially the combination of effec-
tive deep stimulation of microcirculation to increase oxygen saturation and the 
significant reduction of bacteria, including many antibiotic-resistant pathogens. 
PlasmaDerm® thus activates wound healing in all phases. The device fulfils an 
“unmet need”, especially due to its simplicity of use. The patented di_CAP (direct 
cold atmospheric plasma) technology has already received acclaim from many sides 
for its innovative nature.

The PlasmaDerm®-di_CAP technology is an application form that allows treat-
ment of a large area while also having a flexible design that means it can be adapted 
to any topology of the treatment area.
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Treatment areas of dozens up to a hundred square centimetres are possible. 
Another advantage of the PlasmaDerm® di_CAP technology is that no additional 
gas needs to be added because the plasma is formed directly from the ambient air. 
This also expands the indications for use to include outpatient treatment, as no 
replacement or transport of gas bottles is required.

PlasmaDerm®, which is classified as a Class IIa medical device, and the associ-
ated sterile spacer have been declared in conformity with EU Council Directive 
93/42/EEC.

33.2  Device Technology

The generation of plasma in the PlasmaDerm® di_CAP technology is based on the 
concept of dielectric barrier discharge. For this, the plasma is generated between 
two electrodes under atmospheric pressure; at least one of the two electrodes is 
completely covered by an electrical insulating material. The purpose is to limit cur-
rent flow, among other things. Figure 33.1 shows a schematic representation of this 
method.

In the PlasmaDerm® di_CAP technology, the area of skin or wound to be treated 
functions as a counter electrode. The advantage of this is that the plasma is gener-
ated or applied directly to the area to be treated. This is illustrated in Fig. 33.2.

The PlasmaDerm® device consists of a control unit about the size of a laptop in 
combination with a hand-held unit approx. 2 cm in diameter and approx. 20 cm 
long. The hand-held unit has a connector for the sterile spacer intended for single 
use. Ease of handling and mobile use are ensured by the implementation of a one- 
button technique. Only the customary power supply of 100–240 V is required for 
use. After switching on the PlasmaDerm® device and attaching the sterile spacer, 
treatment can begin.

Power supplyHV

High-voltage electrode
Dielectric material

Plasma

Counter electrode

Fig. 33.1 Schematic representation of a dielectric barrier discharge
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Due to the single-use spacer, there is no risk of cross-contamination. No time- 
consuming and expensive sterilisation is needed. After a preset time of 90s, the 
device automatically switches off plasma generation. Treatment can be continued 
after pressing the ON button again. There are no other technical features of the 
device that need to be considered. Figure 33.3 shows the PlasmaDerm® control unit 
and the hand-held unit. Figure 33.4 shows the flexible PlasmaDerm® spacer.

33.3  Mode of Action

The effectiveness of the direct cold plasma generated by the PlasmaDerm® device is 
due to the combination of a therapeutically relevant electrical field, low-level radiation 
in the useful UV-A and UV-B wavelength range, and activated gas particles (mole-
cules) from the ambient air. PlasmaDerm® therapy thus for the first time combines a 
number of well-known, therapeutically effective components for a synergistic effect.

The electrical field used in PlasmaDerm® therapy ensures deep stimulation of the 
skin or wound treated. This deep stimulation has a long-lasting effect, reflected in 
the increased microcirculation in the area of skin treated. Stimulating microcircula-
tion improves the oxygen supply to the wound.

PlasmaDerm� electrode

Plasma

skin

Fig. 33.2 Schematic representation of PlasmaDerm® on the surface of the skin

Fig. 33.3 PlasmaDerm® 
control unit and hand-held 
unit
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PlasmaDerm® has a reliable topical anti-bacterial effect and is effective even 
against problematic antibiotic-resistant bacteria such as methicillin-resistant 
Staphylococcus aureus (MRSA).

A schematic representation of the mode of action is shown in Fig. 33.5.

33.4  Use and Treatment Recommendation

The non-invasive PlasmaDerm® therapy treatment can be optimally integrated as one 
step when changing dressings. The one-button technique makes it easy to use. Due 
to the broad range of effect, treatment is indicated in all phases of wound healing.

Fig. 33.4 PlasmaDerm® 
FLEX9060 spacer

PlasmaDermâFLEX9060 Spacer

Electrical field

Skin

Activated gas species UV radiation

P
la

sm
a

Fig. 33.5 Schematic representation of the mode of action for PlasmaDerm®
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The sterile PlasmaDerm® spacer is applied to the skin or wound and the area 
is treated with direct cold plasma. Depending on the size of the area to be 
treated, one of the different versions of the PlasmaDerm® spacer can be selected 
to ensure the even, simultaneous treatment of the entire area of skin or wound in 
one session. A characteristic discharge sound indicates correct plasma genera-
tion. Depending on the healing phase, PlasmaDerm® treatment should be applied 
up to once a day for optimal results. Application is quick and easy. The recom-
mended duration is 90s per cm2 of skin. Due to optimisation of the technical 
settings, PlasmaDerm® can be operated in a one-button technique. PlasmaDerm® 
has an intentionally simple, partially automatic operating concept so it can also 
be applied by nursing staff after they have been instructed in its use.

No additional hygiene measures are required except disinfection of the hand- 
held unit and control unit with a disinfectant wipe.

Figure 33.6 shows the simple application of PlasmaDerm® treatment.

33.5  Indications

The primary indications for PlasmaDerm® treatment are wound healing disor-
ders occurring after operations, e.g. surgical procedures. The healing properties 
of PlasmaDerm® can also be used for wound healing disorders caused by other 
conditions, e.g. venous and arterial ulcers, pressure ulcers, or diabetic foot syn-
drome. The deep stimulation of the electrical field and the associated stimula-
tion of microcirculation result in the improved supply of oxygen and nutrients 
to wound tissue. In the wound bed, the topical plasma components effectively 
reduce bacteria.

33.6  Application Safety

The devices of the PlasmaDerm® product range generate histocompatible plasma 
with gas temperatures at body temperature (T  ≤  40°C) on the treatment area. 
Figure 33.7 shows the generation of histocompatible plasma on a finger.

Fig. 33.6 Easy to use: Unwrap the PlasmaDerm®FLEX9060 spacer, attach it to the hand-held 
unit, place the spacer on the area of skin to be treated, and start the 90-s treatment with the one- 
button technique

33 PlasmaDerm® - Based on di_CAP Technology
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In the conformity assessment procedure, all potential risks were identified and all 
required tests for patient and user safety were conducted and assessed in a risk man-
agement procedure. Applicable national and international standards and require-
ments and the latest research data were and are adhered to.

With the declaration of conformity based on EU Council Directive 93/42/EEC, 
CINOGY GmbH, the legal manufacturer of the PlasmaDerm® product range, guar-
antees the highest safety standards for patients and users. Safety is enhanced by the 
implementation of a complete quality management system based on DIN EN ISO 
13485, which covers all cycles of the PlasmaDerm® products from development and 
production to service.

The safety and tolerability of PlasmaDerm® has been proven in clinical studies 
and in daily practice with approx. 20,000 applications up to now.

33.7  Studies

The antimicrobial properties have been proven in various in vitro and in vivo stud-
ies. It has also been shown that treatment with histocompatible physical plasma is 
tolerated with no problems [2–4]. In vitro tests have proven its potent effectiveness 
against all relevant skin and wound bacteria and clinically relevant fungi [3, 5]. 
Additionally, no clinically relevant differences were found under in vivo conditions 
when used against multidrug resistant pathogens compared with their non- multidrug 
resistant variants [6–8].

A randomised, two-armed, controlled clinical trial based on DIN EN ISO 14155 
at the Goettingen University Hospital proved safety for patients and users, antimi-
crobial effectiveness on chronic ulcerous wounds, and practicability [9, 10].

The improvement of microcirculation with PlasmaDerm® treatment was proven 
in a prospective cohort study with 20 + 20 healthy patients in whom oxygen satura-
tion increased significantly by 24% in the application area on the forearm after 
PlasmaDerm® therapy [11, 12].

Fig. 33.7 Histocompatible 
plasma over a skin surface

D. Wandke



501

Not yet published studies, test series, case reports, and approx. 20,000 applica-
tions in daily practice confirm the observed results.

33.8  Brief Summary of PlasmaDerm® Treatment

The greatest advantage of the PlasmaDerm® di_CAP technology is that it combines 
the mechanisms of different treatment methods. UV-, ozone-, and electrotherapy are 
already available. However, with the PlasmaDerm® treatment, a better effect is 
achieved in a shorter time. PlasmaDerm® treatment reduces the number of bacteria 
on the surface of the skin and wound while simultaneously increasing microcircula-
tion in tissue. These are decisive factors for better wound healing.

• Increases blood flow
• Reduce bacteria without leading to resistance
• Effective against antibiotic-resistant bacteria
• Non-allergenic
• Non-invasive, painless treatment
• Easy, time-saving application
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34MicroPlaSter and SteriPlas

F. Herbst, J. van Schalkwyk, and M. McGovern

34.1  Medical Device Path to CE Marking

To obtain CE marking for the SteriPlas, Adtec Europe Ltd. used the MDD Annex IX 
and MEDDEV 2.4/1 approach which currently is still the easiest route to decision- 
making and documentation.

Adtec decided that the device could be used as:

 1. active (Fig. 34.1)
 (a) Rule 9, therapeutic device to administer energy → possible, but this is not 

the main function and the energy blocking design stops most radiation.
 (b) Rule 11, administer medicines & other substances to the body → unlikely 

that any substance is absorbed by the body
 2. non-invasive (Fig. 34.2)

 (a) Rule 1, does not contact patient or only contact intact skin → unlikely that 
parts will only come into contact with intact skin

 (b) Rule 4, in contact with injured skin, intended to manage wound environment 
→ most likely explanation of the essential function of the SteriPlas
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34.2  Classification of MicroPlaSter/SteriPlas Medical 
Device—Class IIa

The devices generate plasma under atmospheric pressure conditions using argon as 
working gas. The plasma is an ionized gas that acts on the microbes inactivating 
them without affecting the normal mammalian skin cells in proximity to the plasma 
treatment area. The plasma acts by treating the microbes in the microenvironment 
of the wound/infection and is non-invasive to the body. From clinical trials and 
years of experience, it was concluded that the SteriPlas would be used to manage 
wound environments and Adtec’s quality management system would be tailored to 
support this. The most appropriate rule that applied was deemed Rule 4, therefor 
defining the device as Class IIa.

34.3  Quality System

As ADTEC Europe limited design, manufacture and support our device, we choose 
to qualify the device under 93/42/EEC Annex II.

ACTIVE DEVICES

Rule 9
Active  therapeutic devices
intended to administer or

exchange energy

Active device for diagnosis.
If intended to supply energy, to image in

vivo distribution of radiopharmaceuticals, or
for direct diagnosis or monitoring of vital

physiological processes

Active device to administer
or remove medicines & other

substances to or
from the body

All other active
devices

or or
or

IIa
IIa

IIa

I

Rule 10 Rule 11
Rule 12

Fig. 34.1 Active device rules (MEDDEV 2.4/1)

Rule 1
Either do not

touch
patient or contact
only intact skin

Channelling or
storing for
eventual

administration

Modify biological or chemical
composition of blood, body

liquids, other liguids intended for
infusion

In contact with injured
skin (mechanical barrier,

compression, absorb
exudates)

Rule 2 Rule 3 Rule 4

I I IIb I

or
or

oror

IIa IIa IIa IIb IIa

For use with blood,
other body fluids,
organs, tissues

May be connected to an
active medical device in

Class II a or higher

Only filtration
centrifugation or

exchange of gas or heat

Intended for wounds
which breach dermis

and heal only by
secondary intent

Intended to manage
micro-environment of

wound + others

or

NON INVASIVE DEVICES

Fig. 34.2 Non-invasive device rules (MEDDEV 2.4/1)
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As per Annex II (Table 34.1).
For Adtec to qualify this system and sell it as a Medical Device, we did the fol-

lowing steps:

• Implement a Quality Management System under ISO 13485
• Design the product using EN 60601
• Full risk assessment under ISO 14791
• Ensure at all the Essential Requirements of the MDD are met

In this document, we are looking into the design process of CE qualifying this 
unit—complying with safety and EMC tests at an accredited Test House.

34.4  Product Safety

All medical devices should be designed by using the safety regulation in EN 60601. 
IEC 60601 is a series of technical standards for the safety and effectiveness of medi-
cal electrical equipment, published by the International Electrotechnical 
Commission.

All devices have to comply with EN 60601-1. Depends of the function the device, 
your device will apply with different families under the group.

To ensure the product safety Adtec non thermal plasma device have qualified 
under the following:

BS EN 60601-1 ed. 3.1 Medical electrical equipment—Part 1: General 
requirements for basic safety and essential performance.

A full safety test needs to be performed by a Test House.
IEC 60601-1-2:2014 Medical electrical equipment—Part 1–2: General 

requirements for basic safety and essential performance—Collateral standard: 
Electromagnetic compatibility—Requirements and tests.

A full EMC test needs to be performed by a Test House.
BS EN 62304:2006 + A1:2015—Medical device software. Software life-cycle 

processes.
A software assessment needs to be performed.

Table 34.1 Quality system as per Annex II of 93/42/EEC

Annex
Conformity 
assessment Class

Quality system 
requirements

Design 
requirements

Notify body assesses 
conformity

II Full quality 
assurance 
system by 
notified 
body to ISO 
13485

IIa Full quality system
Quality objectives and 
business organization
Design monitoring 
and verification
Manufacturing stage 
inspection and quality 
assurance techniques
Final inspection

Design 
procedure
Risk 
assessment
Safety test
EMC
Validation

On-site QMS audit 
(requirements referred 
to in Annex II Section 
3.2) and technical 
documentation 
(Technical File) review
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BS EN 62366-1:2015—Medical devices. Application of usability engineering 
to medical devices.

A usability file needs to be created using the above standard.

34.5  Risk Assessment

Adtec did a full risk assessment under ISO 14971 to ensure that the device is safe 
for the user and patient.

Data from the clinical trial, design process, Safety and EMC testing have been 
used to verify and check the data.

All the data from clinical trial and research have been used as an input for the 
new device. Adtec did extensive tests regarding UV and Ozone gasses in the clinical 
trial.

This assessment have been reviewed constantly while the products are in the 
field to ensure that the product is always safe.

34.6  Technical File

For best practice guidelines on technical files, there are some guideline documents 
worth reading.

NBOG BPG 2009-4 provides guidance on Notified Body’s Tasks of Technical 
Documentation Assessment and details the scope and requirements of Notified 
body guidelines. NB-MED/2.5.1-5 provides more detailed requirements for 
Technical Documentation.

For Adtec SteriPlas, we used the guideline document from our Notified Body. 
Essentially everything related to the device is included.

Basic outline of Technical File topics:

• Description of the Device, variants, accessories and intended use of the device
• Instructions for use and relevant service and installation manuals
• Device, packaging and shipping labels
• Company information, functions and responsibilities regarding the device
• Device classification and rationale for decision as per MDD/MEDDEV
• Declaration if medicine, blood, tissue or any such derivatives used in the device
• Constructional data including drawings, BOMs, production tests, inspection details
• Declaration of conformity draft, to be signed when device is approved for CE
• Essential requirements checklist as in Annex I of the MDD
• Other directives that apply to the device like RoHS, Machinery etc.
• Biocompatibility of materials used that come into contact with patients, see ISO 

10993-1
• Risk management Plan, Analysis and Report for the device as per ISO 14971
• Clinical Evaluation Report and Data provided per Annex X
• Defined lifetime for the device and how it was determined
• Harmonised standards used to achieve conformity
• Test data gained through safety, EMC and performance tests

F. Herbst et al.



507

• Product performance data that shows the product meets its intended specifications
• Transport, storage and packaging specifications and conditions
• Sterility state that is achieved and the validation thereof
• Sales literature that states medical claims, intended use, features
• Quality Management System process overview
• Vigilance/post market surveillance system as required by the MDD Annex II and V
• Mechanism for informing the notified body when there are significant changes

Adtec stores all technical data digitally and manages it through an index system. 
Part of the Technical File is the Quality Management System processes. This is to 
demonstrate that processes such as design and manufacturing can sustain the quality 
of the device and thus ensure the Essential Performance is upheld.

Technical files are updated as changes occur so it is vital to keep up to date with 
documentation. Notified bodies will review certain areas of Technical Files annually 
to comply with MDD requirements.

34.7  Medical Devices

34.7.1  Product Description

The following devices fall within the ADTEC Healthcare plasma devices (see 
Figs. 34.3 and 34.4):

• MicroPlaSter—ARPP-MS-02
• SteriPlas—ARPP-SP-01

Fig. 34.3 MicroPlaSter— 
ARPP-MS-02
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Fig. 34.4 SteriPlas—ARPP-SP-01

The ARPP-SP-01 is a new product in the MicroPlaSter family. The ARPP-SP-01 
(SteriPlas) is the next generation of the ARPP-MS-02. (MicroPlaSter). The Plasma 
generating device used in the treatment head is exactly the same in the MicroPlaSter 
and SteriPlas.

The clinical efficacy and results are therefore the same in the MicroPlaSter and 
SteriPlas and we are using the data from the MicroPlaSter Clinical report to justify 
the clinical evidence of the SteriPlas.

34.8  Mechanical Overview

34.8.1  Specification—Main Unit (Table 34.2)

Table 34.2 Specification comparison between Adtec MicroPlaSter and SteriPlas

Name MicroPlaSter SteriPlas
Model ARPP-MS-02 ARPP-SP-01
Plasma gas 
temperature

≤40 ° at a distance of 20 mm from 
the plasma torch head

≤40 °C (104 °F) at a distance of 
20 mm from the plasma torch grid

Operating time 20 s–9.5 min/time 20 s–9.5 min plasma on time
Plasma gas Argon, purity ≥99.95% Argon, minimum purity 99.95%
Gas flow rate/
pressure

Mass flow controller for Ar: 0.5–10 
SLM ≤0.4 Mpa

Mass flow controller for Ar: 
0.5–10 SLM ≤0.4 Mpa

Gas cylinders (Germany) Argon Cylinder Type: 
10 L (U.K.) Argon Cylinder Type: X

SMC KK4P-06E,
Mating part: KK4S-06H
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Name MicroPlaSter SteriPlas
Duty Cycle After plasma off, the torch needs 

1 min to cool down before changing 
SCC

After plasma off, wait 1 min 
before changing Sensor Module 
ARPP-SP-02

Input AC23 0 V 1φ, 50/60 Hz 110 V/220 V–50/60 Hz (Class I)
Power consumption 2.3 kVA 1.5 kVA
Main body 
dimensions

W700 × D1200 × H2000(m) W563 × D821 × H1943 mm

Arm operation 
range dimensions

L1360(mm) × H750(mm) × R120° L1635 × H650 mm × ±60°

Operating temp range 10 °C–30 °C 10–30 °C (50–86 °F)
Operating humidity 
range

10–80% relative 10–80% RH

Weight incl. gas 280 kg 150 kg (330 lbs)

Table 34.2 (Continued)

34.8.2  Applied Parts Specifications (Table 34.3)

Table 34.3 Applied parts comparison between Adtec MicroPlaSter and SteriPlas

Name Surface contact clip (SCC) SteriPlas sensor module (SSM)
Model ARPP-SCC-01 ARPP-SP-02
Type B B
Usage Single use Single use
Material Polypropylene (PP) Nylon (polyamide)
Temperature ≤40° C at a distance of 20mm from 

the plasma torch grid
≤40° C at a distance of 20mm from the 
plasma torch grid

34.9  Instructions for Use

The SteriPlas product is a non-thermal plasma-generating device for antimicrobial 
use in the treatment of wounds, ulcers and infections on the external surface of the 
body. The controlled neutral plasma is effective in wound management; it positively 
influences wound healing by reducing microbial load and modifying the wound 
microenvironment.

The intended use of the device is as a treatment to be administered in a hospital 
or clinic usually as general care. The treatment can be administered to inpatients and 
outpatients and to any external region of the body except the eyes.
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35DIN SPEC 91315: A First Attempt 
to Implement Mandatory Test Protocols 
for the Characterization of Plasma 
Medical Devices

Veronika Hahn, Ronny Brandenburg,  
and Thomas von Woedtke

The different applications of physical plasma in medicine - described in the previ-
ous chapters - lead to a demand for experimental data to ensure the provision of 
effective and safe plasma sources without unwanted side effects. Although, the 
requirements for the development and improvement of plasma devices are known in 
general, the characterization of special needs for medical purposes are yet to be 
defined. The plasma devices differ in the kind of plasma source and the working 
conditions employed, such as water content of the gas, type and amplitude of high 
voltage, and feed gas composition. Thus, a control and monitoring, and thereby a 
comparability of different cold atmospheric plasma (CAP) devices based on techni-
cal parameters is not yet possible. Therefore, it is recommended that a mandatory 
set of parameters be defined. They should be characterized to determine the efficacy 
of newly developed plasma devices.

This catalog DIN SPEC 91315:2014–06 [1] comprises the general requirements 
for plasma sources in medicine. (The DIN SPEC 91315 is the basis for the whole 
chapter and for this reason has not been referenced until now.)

A selected group of experts developed the DIN SPEC 91315 according to the 
PAS (Publicly Available Specification) procedure during workshops between 2012 
and 2014. The DIN SPEC 91315 is not yet part of the DIN standards but is, to our 
knowledge, the first compilation of protocols for the characterization of plasma 
sources for medical purposes. However, it must be highlighted that for the licensing 
of plasma sources as medical devices, all mandatory standards like the DIN EN 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-67627-2_35&domain=pdf
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60601–1 [2], IEC 60479–1 [3], and relevant laws have to be observed. Moreover, in 
the DIN SPEC 91315, no limit values are defined because the assessment of the 
 different parameters strongly depends on the intended effect and application of the 
plasma device. The test procedures recommended by the DIN SPEC 91315 are spe-
cifically adapted for atmospheric-pressure plasma applications to provide a repre-
sentative set of parameters for basic characterization of plasma sources for medical 
applications. At best, this testing can be regarded as a preliminary stage to achieve 
the prerequisites for licensing.

The test protocols of the DIN SPEC 91315 comprise physical evaluation criteria 
such as temperature, radiation (optical emission) or gas emission as well as criteria 
concerning biological effects such as antimicrobial properties or impact on the vitality 
of human cells. The detection of chemical species like nitrite, nitrate and hydrogen 
peroxide, along with the determination of the pH value, are also recommended for 
further elucidation of complex plasma effects that are mainly mediated by liquid 
phases. Uncomplicated and reproducible test protocols provide an easy way to char-
acterize the plasma sources and are also accessible to small companies without large 
research divisions. If possible, test methods prescribed in other standards are included.

The first plasma source characterized completely by the DIN SPEC 91315 was 
the atmospheric-pressure plasma jet kINPen® Med (neoplas tools GmbH, 
Greifswald, Germany; [4]), which is licensed as a medical device. This kINPen® 
Med and a surface dielectric barrier discharge were previously tested for their anti-
microbial properties according to the DIN SPEC 91315 [5].

The experiments related to DIN SPEC 91315 should be carried out under condi-
tions that are estimated for the eventual application, which could be humidity or the 
distance between plasma and target. Furthermore, the reproducibility of the experi-
mental data has to be ensured. Thus, at least two replicates (N = 3) are mandatory. 
The plasma sources differ in most cases in their geometry and operation parameters. 
The measurement procedures must therefore be adapted according to the respective 
source geometry, regardless of the parameter determined.

Different physical evaluation criteria are recommended for the estimation of 
the efficacy of the plasma source; one of them is the gas temperature. Thus, for jet 
plasma it is necessary to measure the temperature from the discharge opening to the 
end of the visible plasma effluent being applied to the biological sample.

The gas temperature, in particular, is important for medical applications. The aim 
in medicine is the local treatment of skin or tissue zones without impairment of the 
surrounding tissue. A high local temperature caused by plasma increases the risk of 
heating and, as a consequence, coagulation without healing.

The thermal output (given in watts) can be determined by calorimetry with a 
suitable substrate such as copper. This is an additional parameter to characterize the 
heat impact on the target in the course of plasma treatment.

The optical emission should also be measured. Thus, the photon emission (elec-
tromagnetic radiation) can be determined by optical emission spectroscopy accord-
ing to DIN 51008-2 [6] from 200 to 900 nm (UV and VIS-region). The calibration 
of the spectrometer in relation to the relative spectral position and the absolute spec-
tral sensitivity is important before the respective measurements. Moreover, optical 
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emission spectroscopy in the UV/VIS range allows the detection of emitting chemi-
cal species in the plasma, and this method is therefore useful for obtaining general 
information about the plasma composition.

UV radiation is well known to cause skin cancer such as melanoma [7]. 
Furthermore, the non-melanocytic skin cancers basal cell and squamous cell carci-
noma can also result from UV radiation [8–11]. Due to the mostly repeated or con-
tinuously application of a plasma source on the skin, radiation safety should be 
ensured. For the measurement of ultraviolet radiation, a suitable spectrometer for 
UV-A (320–400 nm), UV-B (280–320 nm), and UV-C (200–280 nm) is required.

The determination of the gas composition should be performed according to 
DIN EN ISO 12100 [12]. Such tests are focused on the detection of generated harm-
ful or toxic species such as nitrogen dioxide or ozone, which have to be expected at 
a varying extent when plasma devices are used in an atmospheric air environment. 
Gas emission can be measured by commercially available gas analysis systems with 
suitable sensitivity (at least down to ppm level) whereby the determination should 
be performed in different solid angles simulating the intended device position in 
medical practice.

The different kinds of current flows such as the patient leakage current can be 
determined as proposed in DIN EN 60601-1 [2] and DIN EN 60601-2-57 [13]. The 
leakage current measurement must be performed with a defined conductive surface. 
On the one hand, the leakage current avoids impairment of the patient, and on the 
other, the impact of electrical fields on the target can be part of the complex biologi-
cal interaction between plasma and living tissue. Therefore, mean electrical current 
is an important measure to estimate the biological impact of a given plasma source.

The biological evaluation criteria comprise the determination of the effect on 
microorganisms in course of the plasma treatment (in vitro). For these tests four bac-
teria Staphylococcus aureus DSM 799/ATCC 6538, Staphylococcus epidermidis 
DSM 20044/ATCC 14990, Escherichia coli K-12 DSM 11250/NCTC 10538, 
Pseudomonas aeruginosa DSM 50071/ATCC 10145, and the yeast Candida albicans 
DSM 1386/ATCC 10321 can be used. Two test methods are introduced for the deter-
mination of the antimicrobial activity of the respective plasma source in vitro. The first 
method is performed in a liquid medium, and the second on a wet solid medium.

For the experiments with the liquid medium, the microorganism suspension is 
treated time-dependently with plasma, with subsequent determination of the total 
viable count. For the tests on the wet solid medium, agar plates are inoculated with 
the respective microorganism. Then, localized spot-like CAP treatment without 
moving the plasma device is carried out. After incubation of the plates, the growth 
inhibition zones (defined as circular area without visible growth of the tested micro-
organism, and named in accordance with agar disc diffusion assay) are measured.

Antimicrobial testing is a useful and easy way to estimate biological effective-
ness in general. The use of microorganism suspensions (liquid medium) provides 
basic information on the bulk of the efficacy of the plasma mediated by the liquid 
environment. Using the inhibition zone assay on wet agar surfaces, in addition to the 
general determination of the antimicrobial plasma effect, the area of effectiveness of 
a given plasma source can be depicted and is strongly dependent on its geometry.
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Experiments with the kINPen® Med and a surface dielectric barrier discharge 
have shown, amongst others, that more reproducible results can be gained with 
microorganisms in the stationary phase compared to cells in the exponential growth 
phase [5]. Thus, the DIN SPEC 91315 test protocols recommend the utilization of 
microorganisms in the stationary phase.

Beyond the effect of plasma on microorganisms, in vitro vitality tests of eukary-
otic cell cultures are an additional part of the DIN SPEC. The test protocol includes 
the utilization of the immortalized skin fibroblast cell line GM00637.

Potential cytotoxic effects are determined by MTT- [3-(4,5-dimethylthiazol- 2-yl)-
2,5-diphenyl-2H-tetrazolium bromide] or MTS-tests [3-(4,5-dimethylthiazol- 2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H–tetrazolium], which are 
commercially available. The basis of these tests is the metabolism of the tetrazolium 
salt to formazan by vital cells. Thus, the measurement of the extinction enables a 
statement about the part of the vital and non-vital cells.

The detection of chemical species is important to evaluate the extent of the 
 formation of reactive nitrogen and/or oxygen species because it is well known that 
biological plasma effects are mainly mediated via liquid phases. Hydrogen peroxide 
(H2O2) is representative for the generation of reactive oxygen species (ROS), 
whereas nitrite and nitrate are representatives for the generation of reactive nitrogen 
species (RNS, RONS). The pH-value represents the reactive (biological) environ-
ment [14]. Even if these substances themselves and their generation in the liquid 
environment of cells are not mainly responsible for biological plasma effects, they 
can serve as indicators for complex reaction changes as a consequence of plasma- 
liquid interactions. Their varying appearance in liquids after plasma treatment may 
be part of the characterization of a plasma source. They may allow basic conclu-
sions on the main reactive processes induced by the respective plasma source, as 
well as initial indications of its biological activity.

The tests can be carried out using commercially available kits, and the respective 
reaction products can be detected spectrophotometrically. Therefore, measurements 
are created for a punctual treatment of the water surface i.e., without moving the 
device. Nitrite is detected by the reaction with N-(1-naphthyl)ethylenediamine 
dihydrochloride forming a red azo dye (DIN EN 26777) [15]. Nitrate reacts with 
2,6-dimethylphenol (DMP) to become 2,6-dimethyl-4-nitrophenol (DIN 38405-9) 
[16]. Hydrogen peroxide reacts with titanyl sulfate to form a complex (DIN 38409- 
15) [17]. Chromatographic analyses are also possible for the evaluation of reactive 
species such as ion chromatography for the detection of nitrate and nitrite.

The evaluation of the pH-value can be ascertained using an instrument according 
to DIN EN ISO 10523 [18]. The pH-value should be measured after the respective 
times needed for the inactivation of microorganisms. The determination of the pH- 
value should take place 5 min after plasma treatment.

With the results of the tests following DIN SPEC 91315 [1], a set of parameters 
is available to characterize the performance of medical plasma sources. It contains 
data from a huge number of experiments, showing that different plasma devices can 
induce similar biological effects. On the one hand, monitoring and control of such 
effects by physical plasma parameters (e.g., the electron density and electron 
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temperature) is currently very difficult to achieve [19]. Thus, any comparison and 
characterization of plasma sources has to be attributed to biological effects. On the 
other hand, biological plasma effects are determined by physical and chemical 
parameters as well as the surrounding conditions. Therefore, the combination of 
physical, biological and chemical tests recommended by the DIN SPEC 91315 is a 
first attempt to find a way for standard characterization of plasma sources intended 
for medical application. This evaluates their effectiveness as well as improving 
safety for users (investigators, patients, and therapists). Eventually, such standard-
ization will also improve the transfer of experimental results into industrial develop-
ment of medical devices for plasma medicine.

The DIN SPEC 91315 as a first step in this direction should be improved and 
complemented further by the whole plasma community in order to develop a nation-
ally and internationally mandatory standard for plasma medical devices.
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