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Plasma Applications: A Dermatological View
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The ability to produce cold plasma at atmospheric pressure conditions was the basis for the rapid growth of
plasma related application areas in biomedicine. Plasma comprises a multitude of active components such as
charged particles, electric current, UV radiation, and reactive species which can act synergistically. The anti-
itch, antimicrobial, and anti-inflammatory effect was already demonstrated in in vivo and in vitro experiments
and until now no resistance of pathogens against plasma treatment was observed. The combination of the differ-
ent active agents and their broad range of positive effects on various diseases, especially easily accessible skin
diseases, render plasma quite attractive for applications in medicine. Hence, plasma medicine as an independent
and promising medical field has been emerged recently.

For medical applications two different types of cold plasma are suitable; indirect (plasma jet, plasma torch)
and direct plasma sources (dielectric barrier discharge - DBD). So far, no standards and norms are defined for
any of these plasma sources. Also, no convenient criteria for standardization of the quality rating of plasma
in the view of dermatological applications exist. Although various cold plasma studies have been performed
the results are hardly comparable, as physical parameters of the plasma devices, experimental conditions, and
organisms used vary greatly. Therefore, standardized risk analyses are necessary for the assessment of different
plasma sources. In this review two plasma sources are described and possible risk factors are discussed to
estimate the safety of plasma used as a therapeutic tool in dermatology.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Plasma is ionized gas and in physical terms this is defined as the fourth state of matter with the highest energy
rate after solids, liquids, and gases. In general, this is the state in which atoms are split off either completely or
only partly due to the impact of a high energy boost, so that ions and electrons of the atoms can move freely. It is
believed that more than 99 % of the observable matter in the universe exists in the plasma state. Orbs like the fix
stars or our sun consists of plasma. On earth we face plasma in the form of lightings, flames, and auroras.

The transformation of neutral gases into the plasma state requires energy input which can be achieved by
thermal excitation, irradiation energy, or electric fields. Plasma on earth can be generated at high-pressure, low-
pressure, or under atmospheric pressure. When plasma is produced as arcs between two metallic electrodes
under atmospheric pressure the gas temperature can reach hundreds or even thousands of degrees Celsius due to
the thermal equilibrium resulting from high collision frequency and high current density in the generated arcs [1,
2]. Such thermal plasmas are used in the industry for waste treatment [3], metal cutting [1, 4], welding [5], or
coating (plasma spraying) [6]; only to mention some application areas. Of course, these kinds of plasma are not
qualified for the treatment of living organisms or heat sensitive materials.

Nonthermal or cold plasmas can be generated under atmospheric pressure by subjecting a gas to electric
discharges. Collisions of the high-energy electrons with the gas molecules lead to the ionization process and,
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thus, a complex mixture of biological active agents are created in the plasma, such as charged particles (ions,
free electrons, free radicals, and molecules), photons, and neutral atoms [7, 8]. The excited agents can undergo
chemical reactions (i.e. oxidation) with the environment and therefore influence or change it.

In general, the use of plasmas in semiconductor etching or thin film deposition is widely studied. With regard
to medical applications sterilization and decontamination are probably the most researched areas for the use of
cold atmospheric pressure plasma. The antimicrobial effect of plasma has been utilized for decades to sterilize
all kinds of tissues and materials [9-19]. In medicine, heat sensitive metallic or plastic surgical equipment and
instruments can be sterilized very efficiently by nonthermal plasma application. Ten minutes of exposure to
plasma already leads to inactivation of viruses and elimination of high concentrations of spores and bacteria [16].
Moreover, the disinfective use of plasma in dermatology is of great interest since low temperature plasma enables
a direct treatment of skin pathogens [8, 14, 20-22]. It was already shown in vitro that different bacteria and
fungi can be eliminated in a simulated infected wound environment [23]. In another study the efficient lethal
effect of plasma on wound related bacteria was displayed in an ex vivo porcine skin model. Plasma treatment
led to a decolonization of the tested bacteria Methicillin-resistant Staphylococcus aureus (MRSA), Methicillin-
sensitive Staphylococcus aureus and Escherichia coli without harming cells of the pig skin sample [22]. Also,
the strong reduction power of plasma applications on the bacterial load in wounds in vivo was observed by Isbary
et al. [24]. More importantly, plasma was found to act selectively on prokaryotic and eukaryotic cells. While
inactivating microorganisms, plasma treatment can even stimulate the proliferation of mammalian cells [25-27].
With this respect the modes of action of cold atmospheric plasmas, i.e. germ killing, tissue stimulation, anti-
inflammatory and anti-itch properties, appear ideal for dermatological applications in wound healing or the
treatment of inflammatory skin diseases. Other promising fields which are of interest for plasma applications are
tooth treatment in dental medicine [28, 29], cosmetic treatment of nails [30], or tumor treatment [14, 17, 31-33].

The abundance of potential plasma application areas recently led to the formation of the term plasma medicine
as anew and independent medical field. The rapid growth of this promising field led to the development of various
plasma sources. They vary greatly in their physical justifications. Since the composition of the agent mixture
in plasma (plasma cocktail) depends on the physical parameters of the discharge like flow rate, humidity, or
processed gas composition [34], agents’ mixtures differ for varying plasma sources. Up to now, there are no
standards and norms defined for plasma devices. Also no general guidelines or limits are set up for the safe use
of plasma in medical applications. In this review two different plasma sources are characterized. Newer versions
of both devices were recently CE certified in Germany as new medical products for dermatological treatment of
chronic wounds. Possible risk factors like electric current, UV radiation, reactive species, and heat are analyzed
and estimated for the purpose of safety for patients and therapists during plasma treatment.

2 Indirect and direct plasma sources
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Fig. 1 One possible design of an indirect plasma source is schematically shown in (a) and a concrete device, the kinpen
MED, is exemplified in (b).
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For medical applications two types of plasma can be used; indirect and direct plasma. Indirect plasma is
produced when a constant gas flow is directed through a nozzle including one or two electrodes with a voltage
coupled to the electrodes [15, 17, 23, 35]. One possible design of such an indirect source containing two elec-
trodes is shown in figure 1a where the gas flow is directed through the gap between a round (outer electrode) and
a pin electrode (inner electrode). The ionized gas leaves the device as a jet stream. One advantage of indirect
plasma is that different gases can be used (e.g. helium, argon or air) which in turn has an impact on the plasma
cocktail. Furthermore, plasma jets comprise the ability of penetrating precisely into small structures like pores.
An example of such a plasma device is the kinpen MED from INP Greifswald/neoplas tools GmbH Greifswald,
Germany (fig. 1b), the working gas of this source is argon with a flow rate of 5 sIm in the continuous working
mode at a power of 3 W and a power density of about 300 W/cm?. The inner electrode is surrounded by a ceramic
capillary in which a high voltage of about 2-3 kV is produced with a repetition rate of 2.5 kHz [36]. The basic
principle of the plasma device kinpen MED has been described previously in detail for the prototype version
kINPen [37].

Direct plasma is generated by the application of high voltages (up to several kV) across a small gap, whereby
at least one electrode is covered with a dielectric [38]. The treated material or biological tissue acts as the counter
electrode (fig. 2a and b show the skin as counter electrode), so that a multitude of little electric breakdowns, so
called microdischarges, emerges between the tissue and the electrode [39]. In comparison to indirect plasma the
treated material or tissue is exposed to a higher plasma density and electric current frequency [7]. In Tuemmel
et al. [40] our DBD device (fig. 2 b) is characterized. The high voltage electrode is connected to 5-6 kV with a
pulse length of 200-300 ns and a repetition rate of 518 Hz resulting in a maximum displacement current of 483
mA and a gas temperature in the discharge of 33 ° C. The parameters can be adjusted depending on the desired
application form. For the treatments of lipids for example a dissipated power of 200 mW (U cqr = 7.5 KV, tpuise
=70 ps, f =300 Hz) was used [41]. In another study a power of 435 mW (U,cqr = 10.3 KV, tpyi5e = 90 s, =
255 Hz) was applied for reducing the viability of microorganisms [34].
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Fig. 2 A schematic design of a direct plasma source is illustrated in (a) and (b) shows a picture of our DBD device.

Further developments of both described plasma sources lead to the CE certification according to the EU direc-
tive 93/42/EWG since spring 2013.

The risk factors or working components which are discussed in this review are almost the same for indirect
and direct plasma sources. Besides UV radiation, temperature, and reactive species the risk factor electric current
plays a role in applications of direct discharges. The critical analysis of the biological tolerance of the agents in
plasma is supported by the existing literature for medical therapies such as phototherapy, electro-physiotherapy,
and therapies with ozone [42-48]. In vitro and in vivo application experiments with different plasma sources on
living tissue, cell culture, and humans comprise the basis for the estimation of the potential application risk.

3 Temperature

The parameter temperature is of special concern for the characterization of cold atmospheric pressure plasma,
especially in regard to therapeutic applications of plasma to heat sensitive tissues. Exposure of the skin to temper-
atures of 40 ° C and higher lead to degeneration and destruction processes in cells. Denaturation, loss of function,
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and structural alterations of proteins occur at temperatures higher than 45 ° C and resulting in skin burning. How-
ever, it was observed that a slight increase of temperature to 38.5 ° C stimulates the proliferation of keratinocytes
[49] which could be of advantage in healing processes and regeneration of tissues. For these reasons the thermal
impact of the plasmas has to be adjusted very precisely. This parameter, of course, closely relates to the deposited
power of the cold atmospheric plasma device used, i.e. the energy influx into the skin tissue. Others have used
this parameter for calorimetric probe measurements [50,51].

The temperature profile of the plasma jet generated by the kinpen MED device was measured at a gas flow rate
of 5 slm and constant input power (3 W). Results show that the maximum temperature at the end of the capillary
nozzle is 49 ° C, and, like expected, temperature drops with enlarged distance to the capillary nozzle and with
lower power input. In this way temperature can be minimized to 30 ° C (15 mm distance) [52]. In case that the
plasma jet is too far away from the treated sample the mode of action may decrease. However, thermal impact to
the sample is also a function of contact time, so that moving of the plasma jet over the treated region results in a
decrease of a potential heat impact [53].

In DBD devices the microdischarges can reach gas temperatures of 102 ° C. This is the case when lipids of the
stratum corneum act as counter electrode and a power input of 200 mW was applied [41]. But this gas temperature
exists only during the lifetime of a microdischarge of a few nanoseconds and drops very fast [41, 54]. Also, such
high temperatures only occur for a very short time window [38]. Hence, the actual temperature on the treated
tissue is much lower. Investigations on the actual gas temperature of a DBD device by Laroussi and Leipold [55]
indicate that temperature is independent of the power level. This was shown for a power input in the range of
2-15 W. Also, temperature was observed to be around room temperature [55]. Moreover, treatments with our
DBD device of pork skin samples and agar plates revealed no dramatic changes in temperature. Applications of
direct plasma treatment (Upeqr = 12 KV, tpyi5e = 500 ps, f =550 Hz) for 12 s led to a temperature increase on
agar plates of only 0.6 ° C [56] and no change was detected after a 20 s application (Upeqr = 5-6 KV, tpyise =
200-300 ns, f = 518 Hz) to pork skin [40].

Eventually, one has to adjust the appropriate operating parameters for each respective application desired. In
principle, burning of the skin or degeneration of biological tissue can be avoided by choosing appropriate working
parameters. Therefore, temperature does not present a risk factor in both of the characterized plasma devices.

4 UV radiation

Ultraviolet light is in the range of 100-400 nm and an essential component of sunlight but not visible for the
human eye. It is well known that plasma sources generate UV light that has different impact on living organisms.
The UV spectrum is divided into UVA (320-400 nm), UVB (280-320 nm), and UVC (100-280 nm). Parts of
UVB and all of UVC are blocked by the ozone layer of the earth. Shorter wavelengths are blocked by ordinary
air. 95 % of the UV radiation which reaches the earth is UVA. The longer the wavelength, the deeper the light can
penetrate into the human skin. But on the other hand the potential danger on biological systems decreases with
longer wavelength. UVB and UVA are both able to cross the epidermis, while UVA can even reach the dermis.
These wavelengths have the ability to interact with endogenous chromophores and photosensitizers resulting
in the generation of reactive oxygen species and causing damage to the DNA, proteins, and lipids. Moreover,
UVB can directly interact with the DNA and lead to the generation of dipyrimidine photoproducts [57]. Short-
term effects of UV exposure include stimulation of pigment formation and sunburn (erythema). Chronic and
excessively high UV irradiation alters the structure of the corneal connective tissue and results in premature skin
aging or wrinkles which is mainly induced by UVA radiation. In addition, UVB and UVA irradiation are known
to trigger skin cancer [58-60].

In dermatology phototherapy is already a well-established method for the treatment of eczema and psoriasis
[61-64] and the anti-itch, anti-fibrotic as well as anti-inflammatory properties of different UV wavelengths have
already been demonstrated [65]. The recommended irradiation doses for phototherapy depend on the wavelength,
if a broad or narrow spectrum is used, and on the skin type of the patient (overview of different phototherapy
forms can be found in the German Dermatological Society) [66]. A guideline of the US National Institute for
Occupational Safety and Health (NIOSH) recommend that unprotected exposure of skin and eyes to UVA should
not exceed 1 mW/cm? if exposure lasts longer than 1000 seconds and 1000 mW/cm? for shorter exposure than
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1000 seconds [67]. In addition, the approximate relative erythema efficacy is proposed by the International Com-
mission on Non-Ionized Radiation Protection (ICNIRP): exposure to 180-400 nm should not exceed 3 mJ/cm?
depending on the skin type [68].

The plasma jet developed in Greifswald is known to emit UV radiation. This UV radiations are suspected
to be initiated by OH® radicals at 309 nm (UVB) and by nitrogen at 350-380 nm (UVA). Very low UVC was
detected via optical emission spectroscopy [52, 69]. Therefore, UVC induced DNA damage can be excluded.
At typical working distance of about 8 mm the effective UVA and UVB irradiance (280-380 nm) was about 10
puW/cm?. But the effective irradiance may change dramatically (down to around 1.5 #W/cm?) by extending the
working distance [52]. Other experiments performed in Greifswald showed that the necessary effective doses
for UVA and UVB irradiation to damage HaCaT cells are 10-15 J/cm? and 2-10 mJ/cm?, respectively [27]. The
delivered radiation doses of UVA and UVB measured were therefore much lower than the doses necessary to
damage HaCaT cells [27].

Our DBD device generates predominantly UVA radiation and minor UVB radiation. Emission spectra of
discharges ignited in ambient air are dominated by the influence of nitrogen. The second positive system of
N, shows transitions in the range of UVA at 315.6 nm, 337 nm, 357.6 nm, 375.4 nm and 380 nm. The lower
UVB radiation consists of peaks at 295-297 nm and 311-315 nm. Averaged intensity amounts produced by the
DBD device and detected in the wavelength range of 250-400 nm are in the range of 0.035-0.04 mW/m? [40].
Tuemmel et al. [40] claimed that no UVC radiation was detected in the DBD since it is completely absorbed
by O3 in the plasma volume before it can reach the treated tissue [70]. Moreover, the ICNIRP has suggested a
maximum dosage of effective exposure Dmax = 30 J/m? per day. Based on intensity parameters of Tuemmel et
al. [40] the maximum dosage of UV radiation could not be achieved. Beyond that the typical treatment time is
below 1 minute per day. These results are slightly different from optical emission spectroscopy measurements of
Awakowicz and coworkers [18] which showed that low levels of UVC occurred in the discharge indicating the
existence of excited NO molecules. Also they reveal that UVA and UVB radiation originates from excited Ny
molecules [18].

It has already been demonstrated that UV radiation generated by DBD devices is too weak to produce signif-
icant damage on living organisms [14, 26, 40, 55, 71]. In addition, the use of plasma jets on living skin cells
was found to be harmless, too [72]. Tape stripped human single corneocyte layers which were treated with a
plasma jet display that 25 % of the UV radiation is absorbed. In this study the measured emission spectrum of
the plasma jet revealed that the high peak at 310 nm (UVB), which represents a nitrogen band resulting from N
in the air, is efficiently absorbed by the stratum corneum. Smaller bands in the range of 325-400 nm (UVA) but
no bands lower than 300 nm were detected. Thus, UVA radiation is of minor importance and UVC radiation can
be absolutely ruled out. Due to the fact that the stratum corneum of the human skin exists of 15-25 cell layers
it is assumed that almost none of the mentioned UV radiations can reach the proliferating living cells [72]. In
conclusion, no harmful effects of UV light produced in plasma can be expected.

5 Reactive gas species

Plasma sources produce a number of reactive gas species, especially reactive nitrogen species (RNS) and reactive
oxygen species (ROS). In indirect plasma chemical reactions of these species with molecules in the surrounding
air can lead to toxic gases like ozone or nitrous gases [37, 38]. Since direct plasma sources work with air which
is ionized, these reactive gas species are directly produced during electric discharges [73, 74]. DBD devices are
also known to produce an efficient amount of ozone [39]. Furthermore, RNS and ROS are thought to be the
most important active agents in plasma for antimicrobial effects [37, 56, 75-77], coagulation of blood [78], or the
stimulation of wound healing processes [76, 78].

5.1 Reactive nitrogen species

NO,, species are known to have varying functions in living organisms. In humans NO has an important impact
on functions such as blood vessel tone regulation, blood coagulation, the immune system, or apoptosis. Also, the
anti-microbial and anti-inflammation properties of exogenic NO have been extensively examined, as well as the
proliferation-stimulating effect on cells [79-81]. Therefore it is not surprising that NO-containing plasma is used
for stimulating regenerative processes and wound healing [71, 77, 82].
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However, NO,, species are also known to produce strong acids in the presence of water. Helmke and coworkers
[83] showed that the formation of nitric acids in DBD plasma plays a major role in the acidification of lipid film
surfaces. For the experiments they stripped off lipid layers from a human forehead and treated them with DBD
plasma. As a result the pH value decreased significantly on the lipid film surface. The transformation of NOa,
which is produced in DBD plasma, into nitrite or nitrous acids is assumed to contribute to the pH changes [83].
This mechanism provides the ability for pH dependent therapies in dermatology, such as treatment of eczema
or ichthyosis. Also, the pH decrease could assist the healing process of chronic wounds. These patients suffer
from a disturbed healing process due to a strong bacterial colonization [84]. The growth of pathogenic bacteria
on the human skin is ideal at a pH value of 6 and bacterial growth is inhibited at lower pH values [85]. Also it is
known that the natural body reaction during healing is the acidification of the wound [86]. Consequently, the pH
change to an acid environment by DBD plasma treatment would support the healing process of chronic wounds
via inhibition of the bacterial growth.

Nevertheless, when inhaled, NOs is toxic to some degree. The maximum concentration in the workspace
(MAK) is set to 5 ppm or 9 mg/m?3. In case of the KINPen device no NO» was found near the plasma jet [37] and
therefore no harm is to be expected from NOy in indirect plasma.

For this reasons NO,, species in plasma can be of benefit when the settings are selected so that no strong
acidification takes place or too much toxic NOy is generated. So, these agents rather display an advantage of
plasma as a therapeutic tool than being a risk factor.

5.2 Reactive oxygen species

Reactive oxygen species produced in plasma comprise on the one hand free radicals like O;, OH, ROO, RO,
atomic oxygen O and on the other hand stable molecules like HoO5, ROOH, and Os. These agents can undergo
oxidative reactions with the treated surface or organism. Measurements of intracellular ROS levels after plasma
treatment of HaCaT cells revealed that ROS can penetrate through the cell membrane [27]. Also, it was found that
the formation of intracellular ROS is the major mechanism by which ionized radiation produces DNA damage
[87, 88]. High levels of intracellular ROS can even cause cell death through DNA damage. But low levels were
shown to have a stimulating effect on the proliferation of cells [71, 88]. For the therapeutic use of ROS the
intracellular concentration has to be controlled, which can be achieved by changing the frequency and voltage
waveform of DBD devices as described in Kalghatgi et al. [71].

Ozone may be of particular interest since it is highly reactive in its radical state and has a strong oxidative
effect. Too high doses of ozone evoke damage to health, especially in the respiratory system when ozone is
inhaled. The maximum inhalation dose of ozone is defined with 120 pg/m? for 30 minutes and the maximum
concentration in the workplace (MAK) should not exceed 200 jig/m? for eight hours [89-91]. In medicine, ozone
is already in use for different therapeutic applications [48]. For the purpose of skin disinfection or antimicrobial
and antiviral surface treatment special ozone devices like the OzonyTron were developed [92]. Another study
described the improved healing process of diabetic feet after ozone treatment applied in a concentration of 60
mg/1 over one hour on the skin covered with plastic foil [47].

Measurements on our DBD device showed that the ozone concentration in a distance of 5 mm away from
the discharge is below 0.1 ppm (< 100 pg/m?). Nevertheless, higher concentrations are reached in the target
location [40]. The maximum ozone concentration generated around the plasma jet of the kinpen MED device is
180 p1g/m? at a distance of about 20 cm and 120 pg/m? at a distance of more than 30 cm [52].

In summary, all defined thresholds are easily met by both plasmas; indirect and direct. Therefore, no danger
is to be expected from the use of both plasma sources regarding inhalation of ozone.

6 Electric current

Electric current can influence biological tissue and has been utilized for therapeutic purposes in human medicine
for decades. Medical drugs can be efficiently delivered into the body by application of low currents. Such devices
are called iontophoretic transdermal systems (ITS). A continuous current of 170 mA is applied to the skin which
acts as the cathode. The drug molecules are then entrained into the blood vessels with the flowing current. With
this method 40 pg of the analgesic drug Fentanyl can be delivered into the body in about 10 minutes [45, 46].
As a long-term therapy iontophoresis is used for the treatment of palmoplantar hyperhidrosis on feet and hands

www.cpp-journal.org © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



124 R. Tiede et al.: Plasma applications: a dermatological view

which reduce sweat production. For this purpose, hands or feet are lying in a flat chamber with water and a
constant electric current of 5-10 mA is running through the water. It is assumed that H™ ions are concentrated
at the end of the sweat duct and, thus, lead to the inhibition of perspiration [44, 93, 94]. These currents are well
tolerable for humans.

Our DBD device was utilized in several studies with a pulsed high-voltage power supply including pulse
repetition rates of 255-500 Hz and pulse durations of 0.2-500 us [34, 40, 41, 56]. These very short pulse lengths
prevent that body cells are negatively influenced by the current. Even neurons are not affected by such short pulse
durations. The device produces very low rms (root mean square) discharge currents in the range of several pA
which results from high but short pulses [95]. As a consequence we can assume that no risks are to expect during
therapeutic applications of the DBD device.

7 Treatment of skin diseases

There are a number of different skin diseases and the degree of the severity of a skin disease may range from
harmless (i.e. senile wart), over disturbing (i.e. minor eczema or ichtyosis) and painful (i.e. infected chronic
wounds) to lethal (i.e. malignant melanoma). Lighter forms of inflammatory skin diseases can be treated with
topical crémes comprising disinfected substances and steroids. In more severe forms the treatment with antibi-
otics is unavoidable, either topically applied as a component in a creme or systemically. Especially in the case of
superinfected chronic skin diseases patients suffer from painful therapeutic treatments and side effects of drugs.

Since in vitro plasma experiments revealed the strong antimicrobial effect and the ability to stimulate prolifera-
tion of mammalian cells, it is not surprising that plasma therapy was already applied to patients with different skin
diseases that are difficult to treat. But which dermatological diseases may be most promising regarding plasma
therapy? For standardization purposes we divide the disease into diseases with intact epidermis or wounded
epidermis either slightly or heavily colonized by bacteria.

7.1 Epithelialized skin diseases only slightly germ-contaminated
7.1.1 Treatment of cancer cells with plasma

Fridman et al. [78] showed that plasma treatment lead to apoptosis of melanoma cancer cells. Even days after
treatment the lethal effect of plasma treatment still remained. At low doses of plasma (5 s) the cells are not
immediately damaged but develop apoptosis hours after the treatment as observed during a 24 h period [78].
Tumor cells die without affecting neighboring healthy cells which is of advantage in comparison to cell death via
necrosis. Inflammation and damage to neighboring cells occur when intracellular enzymes and cell breakdown
products are released from cells in their necrosis procedure, whereas during apoptotic processes the cell mem-
brane remains intact so that no pro-inflammatory substances can leak the cell [96, 97]. They also showed that
high doses treatment with a FE-DBD (floating electrode DBD; 15 s with 1.4 W/cm?) caused cell death due to
necrosis of the cancer cells. However, this high level is still under the threshold for the damage of healthy tissue
[98,99]. Another in vitro study on different melanoma cell lines but with the direct plasma device miniFlatPlaSter
revealed similar results [23]. 2 minutes of plasma treatment were sufficient for the inactivation of the cells via
induction of apoptosis. In addition, they observed that lower doses and only 1 minute of treatment with plasma
led to almost no apoptotic effects but to long-term inhibition of the proliferation of the cells.

7.1.2  Plasma skin regeneration in cosmetic medicine

Foster and others [95] 105 introduced the first plasma system for commercial usage; the Portrait® PSR, and
summarized first results of in vivo treatments. The Portrait® PSR is basically a radio frequency plasma jet
generated in nitrogen. High energy treatment (3-4 J) led to a controlled damage of the skin. Already after ten
days the epidermis completely regenerated. They also confirmed an ongoing collagen production, reduction of
elastosis, and progressive skin rejuvenation beyond one year after the treatment. The patients reported a 60 %
improvement of their skin texture including wrinkle reduction and skin tone improvements [100-102].
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7.2 Epithelialized skin diseases heavily germ-contaminated

7.2.1 Treatment of atopic eczema

Atopic eczema is a form of eczema and a very widespread disease (3-5 % of the population is affected). Symp-
toms include redness, swelling, itching, and dryness of the skin. Usually, patients are treated with a moisturizing
creme followed by topical anti-inflammatory and antimicrobic treatments. Mertens and coworkers [103] pre-
sented a case study in 2009 on atopic eczema with one patient. In this study the left upper arm of the patient
was exposed to plasma (fig. 3) whereas the right upper arm was treated with a moisturizing creme. They used
our DBD device with a power of 0.2 W. Plasma treatment time was 1 min daily over 30 days. The daily energy
density can be calculated to about 1 J/cm?.

Fig. 3 Pictures show the left upper arm of the patient with atopic eczema before (a) and right after (b) plasma treatment. A
reduction of the redness and swelling can be observed in (b).

After 30 days a reduction of some symptoms like swelling and redness on the upper arm which was exposed
to plasma could be observed (fig. 3). Furthermore, the patient declared a reduction of the itch from 8 to 3 points;
the point scale was ranged from O to 10, with 10 being the strongest itch. The eczema overall improved by two
points (scale from -5 to 0 to 5 points, representing complete healing and strong worsening of the eczema). No
side effects during and after the study were observed [98, 103]. In addition agar plates were pressed onto the skin
of the patients and results revealed a 1 log step reduction of the bacterial load of the plasma-treated skin after two
days (Staphylococcus aureus).

The last result is consistent with another study on the inactivation efficiency of plasma treatment performed
by Daeschlein and others [23] with a plasma jet. The plasma jet was generated with argon gas and a voltage
supply of 1-5 kV with a frequency of 1.5 MHz. Among other bacteria, which could be isolated from wounds,
they exposed Staphylococcus aureus colonies grown on agar plates to the plasma jet. Observations showed an
antimicrobial reduction of this pathogen by 2.7 log steps (RF 2.7) after 2 minutes of plasma treatment. The inac-
tivation efficiency of plasma varied for the five different species tested in this study indicating a viability of the
plasma doses needed for elimination of different wound pathogens. But still the lowest reduction factor of 1.9 log
steps, which was found for Enterococcus faecium, represents a pronounced inactivation of the bacterial load [23],
which seems suited for the inactivation of most kind of realistic in vivo occurring microbial contamination, colo-
nization and also infection. Plasma was also shown to significantly reduce multidrug resistant pathogens in vitro,
i.e. Pseudomonas aeruginosa, Extended spectrum [-lactamase (ESBL)Escherichia coli, Methicillin resistant
Staphylococcus aureus (MRSA), Methicillin resistant Staphylococcus epidermidis (MRSE), Vancomycin resis-
tant enterococci (VRE) and High level gentamycin resistant enterococci (HLGR) offering new horizons regarding
hygienic sanitization and preoperative skin antisepsis besides wound decontamination. Antifungal treatment is
another scope for plasma treatment in dermatology since excellent plasma susceptibility of the most important
clinical fungal species in vitro could be demonstrated [104]. Furthermore dermatologic diseases with parasitic
involvement like demodicosis could benefit from plasma treatment since strong killing efficacy was observed
against Demodex folliculorum [105].
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We propose that the following biological parameters may be assessed in developing plasma devices for the
treatment of epithelialized skin [106, 107]: transepidermal water loss (TEWL), pH and skin moisture, which
preferably are measured using a combined analyzing tool. Most references were measured with the Multiprobe
Adapter Systems MPA® including the Tewameter® TM 300 and Corneometer® CM 825 (Courage and Khazaka,
Cologne, Germany) [108]. It is important that all subjects to be tested acclimatize at least during 20 minutes at
room temperature prior to a measurement and to better compare results, conditions like temperature and relative
humidity should not differ significantly during different tests.

7.3 Skin diseases with wounded epidermis and germ-contaminated
7.3.1 Plasma treatment of chronic wounds

Many people suffer from chronic wounds on the lower legs (ulcus cruris), the main cause of which are varicosis
and other venous diseases (80 %) besides arterial diseases (15 %) or diabetes (5 %). Especially old people are
affected by venous ulcers and their treatment take up a sizeable proportion of the health care budget [8, 109]
which is why there is a need of cost effective alternative ulcer therapies. Plasma has the capability of being
such an alternative not only because it can be generated with minimum effort but also because it is easy in
handling. Furthermore plasma treatment combines some mechanisms of action which operate positively on the
wound healing process: i) the strong antimicrobial effect would restrict the bacterial load in the wound and
therefore prevent the delayed healing process due to intense colonization [84]; ii) plasma is known to stimulate
the proliferation of endothelial cells [26, 110] and iii) plasma treatment leads to a decrease of the pH value which
also would support the healing process since acidification of wounds is also the natural response of the body [86].

We conducted successful clinical trials for the treatment of ulcers on the lower legs with our DBD device
as well as the kinpen MED that led to the certification of the two plasma devices, respectively. Other studies
also revealed very similar beneficial effects of plasma therapy on chronic wounds. Fetykov and coworkers [111]
demonstrated the two fold faster healing process of wounds after treatments with the indirect plasma device
Plasmafon and also observed a pain reduction of their patients within 5 days.

More extensively, Isbary and coworkers explored the effects of argon plasma on infected wounds in in vivo
experiments [24, 112, 113]. 2010 they published results of the first clinical trial with the indirect plasma device
MicroPlaSter o (ADTEC Plasma Technology Co Ltd, Hiroshima, Japan). 36 patients with 38 ulcers (mostly due
to venous causes, but also traumatic, arterial and diabetic causes) were daily treated with the plasma for 5 minutes
in addition to the standard wound care. The control areas were only treated with the standard wound care and were
of about 3 cm? in diameter whereby patients act as their own controls. 291 treatments were performed and results
display a high significant reduction of the bacterial load in the wounds of 34 % (p < 10~%) [112]. One year later
another study of Isbary and others revealed the beneficial effect of plasma applications on the genetic disorder
Morbus Hailey-Hailey [115]. Severe outbreaks of this disease are characterized by the formation of blisters and
rashes which then often lead to chronic infected wounds when they break open. In the case study one patient with
Hailey-Hailey was treated with a newer version of the MicroPlaSter device, called MicroPlaSter S which was
more comfortable to handle because of its smaller size and a flexible four-joint treatment arm [24]. The torch was
held 5 minutes and 2 cm away from the target area. As a result, the plasma applications significantly improved
the healing process in both treated areas of the patient; the right axilla and the groin. In addition, a persistent
positive effect after plasma therapy was observed; the patient remained asymptotic for several months. In the
most recent clinical study on chronic wounds of the same working group they compared 2 minute treatments of
both MicroPlaSter devices (« and ) with the same experimental conditions (except of treatment duration) with
each other [24]. Again, plasma treatments of the patient resulted in a significant reduction of bacterial load in
the wounds. When using the MicroPlaSter « a significant reduction of the bacterial load of 40 % (p < 0.016)
were observed in the wounds and a reduction of 23.5 % (p < 0.008) when using the MicroPlaSter 3. In all these
studies of Isbary and coworkers no side effects occurred and the applications were well tolerable for the patients.

For all these studies on chronic wounds it can be certainly assumed that not only the wound pathogens were
directly exposed to plasma but also cells of deeper layers in the skin, like the keratinocytes in the proliferative
basal layer or fibroblasts in the dermis. Direct microbiological effects of plasma to eukaryotic cells are not yet
fully understood and are of major interest. To absolutely ensure that in the long run no damage or side effects
occur possible genotoxic effects of plasma treatment has to be genetically investigated. For that purpose, risk
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analysis will be performed for both plasma devices (kinpen MED and our DBD device) comprising the investiga-
tion of cell damage at the level of DNA and cell membrane. For this, common gentoxicity and cytotoxicity tests
will be performed like the Ames test and different host cell reactivation assays. The Ames test can be used for the
determination of the mutagenic potential of chemical substances (in our case this would be plasma). The test uses
different strains of Salmonella typhimurium with a mutation in the histidine biosynthesis so that the auxotroph
mutants require addition of histidine for their growth. The treatment with the mutagen substance can cause rever-
tants which are then able to grow on histidine free medium and thus can be separated from the auxotroph mutants.
This method was already successfully used for the detection of mutagenity of different substances which are me-
tabolized via the cytochrome P450 enzyme system [114]. Two plasmid DNA vector test systems are planned as
methods for the replacement of animal experiments: The host cell reactivation assay (HCR) is based on reporter
genes which are used to quantitatively analyze the DNA repair rate of cells [115, 116]. Here, the non-replicating
reporter gene plasmid coding for an enzyme will be treated with plasma and transfected into host cells. In case the
plasma treatment would lead to DNA lesions and the host cells would repair them this would be then displayed in
the rate of enzyme expression of the reporter gene. So, the enzymatic expression would be an indirect evidence
for the mutagenic potential of plasma. Another test system is the Plasmid-Shuttle-Vector-Mutagenesis-Assay
which was already successfully used to detect the age-related DNA repair capacity in different cells [117]. This
assay is based on a plasmid which carries the supF gene (bacterial suppressor tRNA gene of Escherichia coli) as
a marker for mutagenesis [118]. The plasmid DNA (pSP189) will be treated with plasma, transfected into host
cells, isolated after some days and transformed into bacteria. Colonies which are light blue or white indicate
a mutation in the supF gene and therefore the amount of these colonies display the mutation frequency. The
mutated plasmids can be further used for sequence and mutation spectrum analysis. In conclusion, these assays
present valuable of tolls for the characterization of the two different plasma sources and the standardization of
experimental parameters and criteria in respect to medical applications.

8 Conclusion

The primary purpose of this paper is to provide evidence that the treatment with non-thermal atmospheric
pressure plasmas is harmless in regard to the previously mentioned potential risk factors (temperature, UV-
irradiation, reactive nitrogen species, reactive oxygen species, ozone, and current conduction). The ability to
influence most of the factors which are potentially dangerous by changing physical parameters of the plasma
sources and settings of the experimental procedures ensure that thresholds for safety of the treated patients and
therapists can be easily adhered to. This is further demonstrated by the presented plasma applications used
in the treatment of various skin diseases and their beneficial effects. Ultimately, due to these safety and ef-
ficacy issued both plasma devices, our DBD device as well as the kinpen MED recently obtained a CE cer-
tificate. From the dermatological point of view we propose not only adherence of newly developed plasma
devices to physical parameters, but also to biological parameters including genotoxicity tests, TEWL, skin pH
measurements, corneometry and others. For this purpose we have recently developed a first standard to which
plasma devices should adhere (DIN SPEC). This standard has been developed together with the German Insti-
tute for Standardization (DIN e.V.) and is published (DIN SPEC 91315; http://www.spec.din.de/cmd?level=tpl-
proj-detailansicht&committeeid=0&artid=188349886 &languageid=de & bcrumblevel=1). The fact that so far
no side effects, no bacterial resistance, and no allergic reactions during plasma treatment were observed, rein-
forces the assumption that cold atmospheric pressure plasma is one of the most promising therapeutic treatment
options emerging right know. With this respect, clinical studies will have to be performed in the future to demon-
strate the efficacy and safety of cold atmospheric plasma in the treatment of specific diseases. In dermatology
these include chronic wounds, psoriasis, atopic eczema, and in the future probably also skin cancer.
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