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@ Core Messages

== Cold plasmas are gaseous multicomponent phenomena comprising chemical
entities, light, and electrical fields that can be generated and controlled by vari-
ous concepts.

== Plasma phenomena have been tested for medical use since the second half of the
nineteenth century.

= The term and field of plasma medicine developed since the early twenty-first
century.

== In medicine, cold plasmas are investigated and applied in inflammatory pro-
cesses.

== Reactive species and UV light are the main contributors of biomedical plasma
effects.

== Plasmas are used in a wide range of production and conversion processes, espe-
cially to treat surfaces, liquids, and exhaust gases.

2.1 Introduction

Plasmas are considered as the fourth state of matter (besides solid, liquid, gaseous)
and are natural to the world we live in — the sun, stars, northern lights, or lightings
are examples of matter in the plasma state. Many other plasmas are not so obvious,
like the solar wind, a stream of charged particles released from the sun’s atmo-
sphere, or the rare St. ElImo’s fire, a bright blue glow at sharp and tall objects at
ships antedating severe thunderstorms. Altogether, 99% of the known and visible
matter are in the plasma state. Consequently, plasmas found entrance into human
myth, art, science, and technology (B Fig. 2.1). The term plasma is of ancient
Greek origin (rhdcpa) meaning a moldable substance. Its use to describe a gas
discharge goes back to Irving Langmuir, a chemist, physicist, and engineer, work-
ing on gas discharges in the 1920s, as a then colleague remembered later: “...the
equilibrium part of the discharge ... reminded him of the way the blood plasma
carries around red and white corpuscles and germs. So he proposed to call our
uniform discharge a plasma” [1]. This term poses a risk for disambiguation, since in
life science, blood plasma plays a fundamental role in both research and diagnos-
tics. To circumvent this issue, a number of amendments have been introduced for
plasma discharges used in the biomedical research or application that point at the
physical origin of the appearance: non-thermal plasma, tissue-tolerable plasma,
atmospheric pressure plasma, cold atmospheric plasma (CAP), cold physical
plasma, and many more. Most terms are still in use, and when seeking for informa-
tion on plasmas, this must be borne in mind. Physical plasmas denominate a phys-
ical phenomenon where the atoms or molecules of a gas, e.g., air, become ionized
by the input of energy. In contrast to thermal plasmas, which are very hot (up to
millions of Kelvins background gas and/or ion temperature), cold plasmas can be
operated at room temperature or at least far below 1000 K. To achieve this at atmo-
spheric pressure, cold plasma devices have a special design. The key aspect is that
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O Fig.2.1 Marten Eskil Winge: Tors strid med jattarna (Tor’s Fight with the Giants), 1872, Nation-
almuseum Sweden/Stockholm

only a small number of atoms or molecules is actually ionized — the lion’s share of
the gas remains in the normal ground state. Furthermore, most of the energy is
coupled to the free electrons; thus, its mean energy or temperature is higher than
the temperature of the ions and the neutral background gas as mentioned above.
Such non-equilibrium state allows a precise control of the plasma activity.
Consequently, cold plasmas are tools allowing the manipulation of delicate targets.
For many decades, cold plasmas have been investigated and developed for technical
and industrial applications. It serves for illumination purposes (“neon tubes,” fluo-
rescent tubes), provides the ability to produce nanometer-sized high aspect ratio
structures for CPUs, allows the anti-reflexive, touch-sensitive coatings of their dis-
plays, and much more. Over the past 15 years, backed by an extensive biomedical
research, cold plasmas made their way from the technical to the living world and
subsequently medical application. Starting out from chronic wound management —
where cold plasmas now represent a pari passu choice to classical interventions, the
range of actual and potential applications covers numerous diseases that possess
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an inflammatory component. This includes cancer and precancerous lesions or
other application fields, e.g., in dentistry or ophthalmology. This chapter will
address some fundamental and scientific aspects of cold plasmas: (1) a brief his-
tory emphasizing their medical use; (2) how cold plasmas are generated; (3) which
principal components cold plasmas have; and (4) a brief survey of its current appli-
cations.

Box 3 Important Notes

= (Cold plasmas are a natural phenomenon.

== Cold plasmas comprise in part ionized (noble) gases.

== Cold plasmas are utilized by humankind for industry, consumers, and health-
care.

2.2 A Brief History of Cold Plasmas

Electricity for medical purposes fascinated men since antiquity. In the first half of
the nineteenth century, methods and devices were established for “franklinization”
(pulsed static electricity), “galvanization” (direct currents), or “faradization”
(alternating currents) [2]. The resulting effects remained mysterious, and the appli-
cation was, from the medical point of view, more regarded as fraud and quackery
than earnest therapy. Later in the same century (1860-70), legitimate scientific
studies appeared, conducted by various European scientists. In the late nineteenth
and the beginning of the twentieth centuries, pioneering work by Tesla, d’Arsonval,
and Oudin led to devices that allowed the application of a cold plasma to the
human body [3-5]. Using high voltage (10-300 kV) and high frequency (~10 kHz),
stronger spark-like discharges or milder dielectric barrier discharges were applied
to stimulate body functions or pain reduction during teeth pulling. In all cases,
significant electrical power is delivered to larger areas of the human body, leading
to non-specific generalized effects. In principle, the setup consisted of the energy
source (a battery), an induction coil (Tesla coil), two capacitors (Leyden jars),
spark gaps for wave formation, and an applicator — a coil (d’Arsonval), brush elec-
trodes (Oudin), or plate electrodes (Tesla). The noisy devices were in use until the
1920s. The achieved medical effects were described as “creating ... intense skin
irritations and erythema by secondary capillary dilation, leading to decreased arte-
rial blood pressure, among other things. Depending on the disposition of the
patient, erythema lasting for hours was reported...” ([6] and citations therein).
Microscopic alterations such as pyknosis and leucocytic infiltrations that can be
interpreted as local cell death by apoptosis and inflammatory processes were
described. The stage of the early research did not allow full understanding and
attributed these effects to a de novo generation of proteins (“protein therapy”) or
simple “anionic” effects. Underlying the poorly understood medical effects, chemi-
cal, mechanical, and optical processes were discussed that tell of an early recogni-
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@ Fig. 2.2 Early application of discharges for medical application. Effluviation using an Oudin
resonator system, around 1900 (left) and early violet ray device (vacuum electrode) by Monell, around
1910 (right). (© IEEE, reprinted with permission from [2])

tion of the plasma compositions. Especially the splitting of electrons from nitrogen
(N,) and oxygen (O,) molecules and the formation of molecules like ozone, nitric,
and nitrous acid as well as the UV radiation were described and come close to
modern interpretation of cold plasmas [7] (B Fig. 2.2).

The role of the assumed mechanical effects — the formation of ion winds by
acceleration of air molecules — might be discussed controversially. The technology
was early on further developed by the German physician and scientist Nagelschmidt
around 1908 into the diathermy, a principle exploiting the production of heat by
high frequency alternating currents flowing through a tissue [8] (B Fig. 2.3).

This therapy option is still open and used for pain reduction and suppression of
inflammatory peaks in various rheumatoid disorders, but the modern devices lack
the plasma aspect their ancestors had.

Box 3 Important Notes

== Cold plasmas are investigated for medical purposes since mid-nineteenth cen-
tury.

Experimental spark discharges yielded general effects, encouraging further work.
Electrosurgery was invented as a spin-off in 1926, and since is in use.

Violet ray devices (small light-emitting plasmas) were in use until the mid-1940s.
Research on cold plasmas for medical purposes restarted in the late 1990s.
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B Fig. 2.3 Violet ray plasma device, assortment of electrodes, hand-held wand, and control unit.
(Reproduced with permission from [6]/CC BY 4.0)

Starting from 1926, surgical diathermy (electrosurgery) was established. The
procedure involved the use of high-frequency electric current in surgery as
either a cutting modality or else to cauterize small blood vessels to stop bleed-
ing (cauterization). The devices possess characteristics of cold plasma devices;
however, they are considerably hotter than most of the cold plasma sources
under research today. The American physicians Strong and Monell promoted
the use of vacuum electrodes with different shapes around 1910 [9]. Under
reduced pressure, a glow discharge was ignited that functioned as a transmitter
between the higher voltage electrode and the human body, reducing the energy
densities significantly and allowing patients self-treatment without the physi-
cian’s on-hand supervision. Emitting X-rays and/or UV light, these devices
were used to “promote circulation, increase metabolism, optimize body func-
tion” (Strong), various skin diseases (Monell), and as disinfecting device due to
its ozone formation. The UV emitting vacuum electrodes (termed “violet
wand” or “violet ray” devices) were kept in service in the United States for a
vast variety of applications, including lower back pain, carbuncles, or nasal
catarrh. Due to limited — if not completely missing — evidence, legislation
stopped its use from the 1940s. Approaches that are more recent strive to reha-
bilitate these devices [6]. Cold plasma devices started to reoccur in the interests
of scientists and physicians in the mid-1990s, initially for “sterilization” proce-
dures of tools and infectious waste [10]. Quickly, interest turned to human cells
and tissues, with pioneering work from Stoffels and co-workers [11-17], Frid-
man and colleagues [18-24], Pouvesle and Robert [25-27], Weltmann/von
Woedtke and colleagues [28-35], Lademann [36-40], and more (reviewed in
part in [41-43]).



43 2

Cold Physical Plasma: A Short Introduction

2.3 How to Generate a Cold Plasma?

Creating a plasma sounds easy: add energy to gaseous matter — et voila — a spark or
glow can be observed. Among chemical processes, heating, or compression, the
generation via electric fields in electrical gas discharges or electromagnetic radia-
tion are the most prominent methods for the generation of technical plasmas. In
the simplest setup, two metal plate electrodes with a certain distance between each
other and connected to a high voltage source are placed in a glass tube that is filled
with a gas of desired composition and pressure. Air and all other gas mixtures or
pure gases are electrical insulators at standard conditions. Its background ioniza-
tion (by cosmic rays or radioactive radiation, or maybe, previous discharge cycles)
is not sufficient to allow formation of an electrical gas discharge. However, if these
initial electrons and ions are accelerated by outer electric or magnetic fields, they
gain higher mean energies. If the energy of the electrons exceeds the threshold for
ionization of the gas particles, electron avalanches are generated and the break-
down occurs. The voltage threshold or breakdown voltage is specific on the gas
composition (electron shell configuration, purity of the gas) and solely depends on
the product of gas pressure and electrode distance [44]. As shown in B8 Fig. 2.6, the
so-called Paschen-curves show a gas-specific minimum, i.e., the number of colli-
sions between energetic electrons and background gas species has an optimum at
which a so-called self-sustained gas discharge is formed. Counter-intuitively, at
some distance and pressure settings, the breakdown voltages rises. At short inter-
electrode distances, the number of collisions is too low to generate sufficient sec-
ondary species at a given voltage. Thus, a higher voltage is needed to ensure that the
electrons gain enough energy between two ionizing collisions. Of note, the noble
gases, especially neon and neon-mixtures with argon or helium are most easily
ignited (see neon tubes). Molecular gases, such as hydrogen, nitrogen, or oxygen
need far higher voltages to form a plasma under these conditions. As an example to
interpret the graph, take the atmospheric pressure (1021 mbar or 760 mm Hg) [45].
A vertical line corresponding to 76 on the x-axis gives the breakdown voltage
for a gas between a pair of flat electrodes separated by 1 mm. For air, this gives a
breakdown voltage of about 5 kV DC. However, electrode design such as surface
roughness and sharp edges can reduce the breakdown voltage considerably. Of
note, electrodes are not essential for gas breakdown — any method producing a
strong electric field will also cause the gas tube (or regions therein) to glow: dis-
charge tubes light up when placed near resonant radio antennas and coils. Once a
glow discharge has been ignited, a low resistance current-path is formed that sus-
tains the discharge. The glow will continue, until the current falls below a value
called the “extinction point.” The voltage at the extinction point is usually consid-
erably lower than the breakdown voltage, i.e., the discharge is difficult to get going,
and then difficult to stop once started. In a cold, non-equilibrium plasma, most of
the present atoms or molecules remain in the lowest energy ground states. Beside
ionization, atoms and molecules are electronically excited to higher states. The
spontaneous de-excitation of these unstable excited states lead to emission of pho-
tons and generates the typical appearance of a plasma by the emission of light.
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Box 3 Important Notes

= To ionize a gas, energy is needed — often, electrical energy is applied by an elec-
trode.

== Most gases, including air, can be ionized, but noble gases (argon, helium) are
ideal.

== Localization and movement of electrons are most important to generate/main-
tain a discharge.

== Cold plasmas can assume any shape; jets and sheet-like discharges dominate in
medical applications.

== Modern devices are designed to deliver a stable, cold, and safe plasma discharge.

In @ Fig. 2.4, a typical current vs. voltage curve of a DC-operated discharge tube is
shown. The voltages, currents, and relative length of the regions depend on the
plasma sources design, but the general discharge events are universal. At low voltages
and currents, a Townsend discharge (or dark discharge as it emits almost no light) is
generated. Irradiating the electrode (more precisely the cathode) produces additional
initial electrons by the photo-effect and thus, increases the current. Increasing the
inter-electrode voltage enhances the number of ionizing collisions, and consequently
leads to a point where the current increases significantly for minute increases in volt-
age — an unstable voltage plateau is reached. Upon further increase of the current,
more and more ions — which are by orders of magnitude less mobile than the elec-
trons — will remain in the discharge gap and form a space charge. The maximum of
the space charge potential shifts towards the cathode with increasing current. In this
situation, the electrons will gain most of its energy in the region between the cathode
surface and the space charge potential maximum, the so-called cathode fall. This is
the most important feature of the so-called glow-discharge, which is characterized by
alternating dark spaces and light emitting areas (“glows” and “columns”). The glow
discharge regime is stable over a wide range of currents. With a further increase of
the current, the electrode area will be covered more and more and finally the full
electrode will be glowing. Then, a further increase of the current leads to an increase
of the conductivity, accompanied by an increase of the running voltage, and the glow
discharge is called anomalous. This phase transits almost abruptly to the arc dis-
charge if the current is further increased. In this mode, high currents pass through
the plasma, while the potential between the plates falls. In arcing mode, the particle
temperatures increase and the discharge is constricted to a small volume, resulting in
potential damage of the device. Furthermore, thermionic emission of electrons
becomes important. Thus, heating the electrode externally or by bombardment with
particle beams favors arcing at lower currents. In clinical application, some surgery
tools (e.g., coagulators) use this regime. Due to the atmospheric operational pressure,
a rapid thermalization between electrons and the background gas takes place; thus,
such plasmas are hot plasmas (some 1000 K gas temperature). In all other biomedi-
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O Fig. 2.4 Idealized current vs. voltage characteristic for a gas discharge tube. (Reprinted with
friendly permission of David Knight from » http://g3ynh.info/disch_tube/intro.html)

cal applications, gas discharges are operated as cold, non-equilibrium plasmas simi-
lar to the glow discharge mode. The main challenge devices have to take is to control,
sustain, and modulate the discharge in a way that is safe, reliable, and reproducible.
To achieve this, cold plasma devices operate typically at low energy input, have a
special electrode configuration, and may use a gas flow for cooling, and limit power
dissipation [46—49]. An extremely rich variety of non-equilibrium atmospheric pres-
sure plasmas exists ranging from Townsend discharges to spark discharges that span
a range of ionization degrees of ten orders of magnitude. The most important in the
scope of biomedical applications are dielectric barrier discharges (DBDs) and plasma
jets (B Fig. 2.5). As the name suggests, the main feature of the DBD is the presence
of a dielectric barrier in the discharge path, e.g., by covering at least one of the elec-
trodes. This can be any insulating material, but quartz, glass, or ceramics are favor-
able. Polymers, which would allow lightweight and sturdy plasma sources, must be
carefully tested for suitability since plasmas can etch them, leading to a loss of func-
tion or impurities in the discharge [50].

The dielectric surface is charged during the breakdown. This reduces the local
electric field that leads to the extinction of the discharge activity within nano- to
microseconds. Consequently, it limits the current density and local energy dissipation.
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O Fig. 2.5 Principle setup of a dielectric barrier discharge (left), a plasma jet (center), and recent
flexible dielectric barrier discharges (silicone, fabric). Notice the presence of a powered electrode and
a counter electrode, an insulator, and a high voltage source. (Figure adapted by K. Wende basing on
drawings from R. Brandenburg)

Due to the capacitive character of the discharge arrangement, DBDs are operated
with alternating voltage, usually in the kHz-range or by short high-voltage pulses. In
most molecular gases, but also in argon or mixtures of noble gases with molecular
gases, the streamer mechanism leads to so-called microdischarges that visually appear
as filaments. Usually, several discharge channels are ignited and decay within each
half-cycle of the high-voltage period. In case of higher frequencies in the MHz range,
current limitation by the dielectric barriers is less effective and breakdown voltage is
lower [51]. The discharge operation changes significantly since charge carriers in the
volume do not completely diminish between two subsequent high voltage half-peri-
ods. The mobility of the ions is too small to follow the rapid changes of the applied
electric field. The ions will be trapped at the discharge barriers and be deposited as
surface charges there. In other words, the role of barrier is not to induce the self-
pulsing character described above. The discharge operates in steady state regime and
it can be characterized as a capacitively coupled plasma. The role of the barrier is
mainly the protection of the electrode material. Plasma jets are gas discharges oper-
ated in a non-sealed electrode arrangement and projected outside the electrode
arrangement into the environment [48]. The plasma region outside the inner electrode
configuration (“effluent” or “plume”) is generated from the core plasma by a gas flow.
Gas flow contributes to the removal of heat away from the discharge and, at the same
time, the enhancement of the transport of plasma species away from the discharge and
onto the substrate. In many cases, noble gas (Ar, He) is used as a carrier gas because
of the much lower breakdown voltage compared with air or other molecular gases (see
the Paschen curves, @ Fig. 2.6). With the noble gas flow, a channel in which ionization
takes place preferentially is generated. This effluent is most often composed of so-
called guided streamers confined in the gas channel. Plasma jets are well suited for the
delivery of localized treatments, e.g., wounds. Plasma jets have been realized with dif-
ferent electrode configurations and can be operated with DC and AC high voltage of
different frequencies (from Hz to GHz).
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2.4 Principal Composition of a Cold Plasma

Cold physical plasmas are multi-component systems, similar to its namesake, the
blood plasma and inherently not in equilibrium. The principal components are ultra-
violet, visible, and infrared light, electrical fields, free electrons, ions, radicals, and
excited gas atoms/molecules, dispersed in the bulk of slow gas atoms or molecules in
ground state. These slow particles keep the average temperature of the system low.
Although the electrons have, in certain areas of the plasma, energies of a few electron
volts (eV), relating to a temperature of several 10,000 K, the whole plasma remains
significantly cooler (T, >>T_ ). Depending on the intended application and the design
of the plasma source, temperatures of the visible plume of plasma jet devices range
close to room or body temperature. In normal application mode, plasma sources for
the biomedical application are designed in a way that thermal damage of the tissue
can be excluded. In addition, thermal load to the skin can be minimized assuming a
brush-type treatment regimen with a velocity of about 10 mm/s [39] (B Fig. 2.7).

2.4.1 Radiation

The radiation emitted by cold physical plasmas is classified as vacuum ultraviolet
(VUV) light (<200 nm), UVC, UVB, and UVA light (200-280 nm, 280-320 nm, and
320-400 nm, respectively), visible light (mainly below 450 nm), and infrared light of
the NIR range (700-1000 nm) [53-55]. The spectrum of the plasma and, thus the
contributions to the different spectral ranges strongly depends on the gas composi-
tion and the energy density of the plasma. An example is given below (B Fig. 2.8).

By the ultraviolet radiation, photochemical processes can be initiated.
Depending on the wavelength, photon energies range between 12.4 eV or
1200 kJ mol~! (100 nm) and 3.1 eV or 300 kJ mol~! (400 nm). Accordingly, the


http://g3ynh.info/disch_tube/intro.html

48 K. Wende and R. Brandenburg

O Fig. 2.7 Cold plasmas are multi-compo-
nent systems. Current research identified Reactive

reactive species as the major carrier of SUEEES

bioactivity. (Image: Johanna Striesow, INP

Greifswald) Electrons + (V)uv
_ions ( radiation

IE
S ilo o

v Cold

4 atmospheric

Thermal plasma

radiation

LN\ L 3
hlectroma_(x

netic fields

Visible light

fission of chemical bonds is possible: many single bonds in organic molecules
have bond energies starting from 305 kJ mol~! (C-N) and 347 kJ mol~! (C-C).!
Chemical modifications by plasma-derived photons have been described but are
more of scientific than of clinical interest [56, 57]. The penetration of the energy-
rich VUV and UVC into cells or tissues is limited, as the photons are absorbed
immediately, e.g., by the Stratum corneum’s keratohyalin and urocaninic acid,
interstitial liquids, or epithelial cells. When adhering to the suggested maximum
treatment times, the overall radiation energy delivered does not exceed the
accepted limits of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) recommendations (30 J m~2)? [58]. For the argon plasma
jet KINPen, only 1/30 of this dose is delivered [59]. In other applications, pre-
dominantly when using low-pressure plasmas, e.g., the inactivation of bacteria
and spores, UV light contribute significantly to the effect [60—62]. The infrared
light emitted by the discharge can penectrate tissues and cells significantly better
than the short-wavelength counterparts. The observed increase in blood circula-
tion and tissue oxygenation after plasma treatment of chronic wounds may in
part be induced by the near-infrared radiation, as observations using plasma
treatment and research focusing infrared light in wound management suggest [26,
63-65].

Box 3 Important Notes

== Cold plasmas are cocktails of reactive components.

== Small reactive oxygen and nitrogen species (ROS/RNS), ultraviolet light, and
electrical fields are most important in medical use.

1 » https://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Chemical_Bonding/
Fundamentals_of_Chemical_Bonding/Bond_Energies.
2 » http://www.icnirp.org/en/frequencies/uv/index.html.
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B Fig. 2.8 Qualitative emission spectrum of an argon plasma jet (200-1000 nm). Below 200 nm
(vacuum-UV) argon excimers radiate (small insert). Note the significant emission in the near-infrared
range above 700 nm and in the UVB/UVA range (300-400 nm). (Figure adapted by K. Wende from
Mahdikia and Jablonowski [54])

== Generated ROS/RNS mimic those occurring naturally in cells, allowing interfer-
ence/modulation.
== Species in gas phase and liquid phase differ due to short lifetimes.

2.4.2 Electrical Fields

The role of the electric fields is discussed ambivalently in the recent years. It is gen-
erally accepted, that cold physical plasma discharges create electrical fields around
them. The intensity and temporal and spatial changes along with the ignition pro-
cess and/or the development in the discharge are under investigation [66-68]. It
may be assumed that the electrical field may reach three to ten times higher strength
at condensed (and short-lived) phenomena, such as streamers and bullets, in the
discharge than the field necessary to create the discharge in the first place. Although
these high electric fields can exert significant impact in biological systems, their role
in plasma medicine is not fully elucidated yet. Due to the applied alternating cur-
rents to ignite the plasma, the generated electric fields fluctuate in the millisecond
(kHz plasmas), microsecond (MHz plasmas), or nanosecond range (ns-pulsed
plasmas). The fields can be extremely inhomogeneous, and their strength change
with time, direction, surrounding gas, and discharge cycle, making the investiga-
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tions difficult. Theoretically, they can be strong enough to allow the manipulation
of cell membranes (kHz, MHz plasmas) or cell organelle membranes (ns-pulsed
plasmas), as research using pulsed electric fields suggest [69]. However, to form a
pore in a cell membrane, a potential of 1 kV cm~! is needed, for a mitochondrion
at least 20 kV cm~!. Whether standard plasma sources can deliver such high electri-
cal fields outside the electrode area, e.g., at the tip of an effluent, is under debate,
but a number of recent publications foster this notion [70-72]. Some substantial
hypotheses assume a synergistic effect of the electric fields with small reactive spe-
cies that are a major component of cold physical plasmas [73, 74]. An oxidation of
the cell membrane lipids would yield in an increased membrane fluidity and fragil-
ity, facilitating pore formation [75].

2.43 Reactive Species

Small chemical entities like neutrals, ions, and radicals are a major fraction of the
plasma. They are often referred to as species, circumscribing a (dynamic) mixture
of short-lived and fast-reacting small chemicals, predominantly composed of sin-
gle atoms or ions thereof (e.g., O*, O+), radicals (e.g., hydroxyl radicals OH, nitric
oxide NO), or neutrals (e.g., hydrogen peroxide, H,0,).

2.4.3.1 Inthe Gas Phase

Composition and proportions of these species vary massively in dependence of
plasma source design, working gas, presence of modifiers (e.g., molecular gas
admixtures such as oxygen or nitrogen), power consumption, location in respect to
the electrodes, and time. Numerous diagnostic methods like two-photon absorp-
tion laser-induced fluorescence (TALIF), Fourier-transformed infrared spectros-
copy (FTIR), cavity-enhanced ring-down spectroscopy (CRDS), some offering
spatio-temporal resolution in combination with computational models have been
developed and deployed to investigate gas phase composition of cold physical
plasmas. With time, an extensive hoard of knowledge has been compiled that can-
not be reflected in full in this textbook chapter. The interested reader is referred to
primary knowledge sources such as the following reviews [46, 76-80].

In the active plasma zone, close to the igniting electrode, primary species are
formed by collisions and electron impact and collision with other reactive species.
In jet plasmas driven by a noble gas (argon, helium, neon, or mixes thereof) excited
states, ions, and excimers (excited dimers) or molecular ions of the respective noble
gas atoms form. In the case of an argon jet (kINPen), argon excimers (Ar, (@*z))
and various excited argon states are present in the active plasma zone. These spe-
cies have high energies and are mostly short-lived, and their presence strictly cor-
relates with the electric field providing the energy for the discharge. In 8 Fig. 2.9,
the spike-like appearance of higher energy states of argon (e.g., Ar*, Ar(4s, 3P1))
corresponds to the plasma sources alternating current delivering the necessary
energy in a megahertz frequency. The de-excitation processes are almost as quick
as the formation (e.g., for the Ar* ions) and in the order of one microsecond and
even faster. De-excitation can be linked with the emission of (UV) light (argon
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B Fig. 2.9 Densities of argon species in the kINPen (model). (Reproduced with permission from
[81]/CC BY 4.0)

excimer radiation —126 nm), the collision with walls, or the inelastic collision with
atomic or molecular species (quenching). If energy supply is cut, the plasma extin-
guishes.

In addition, primary reactive oxygen or nitrogen species are generated by elec-
tron impact if suitable molecules such as oxygen (O,), nitrogen (N,), or water are
present in the active plasma zone. For example, oxygen molecules are cleaved by
fast electrons (3.9 eV) to form atomic oxygen:

Nitrogen molecules are fragmented to atomic nitrogen; water molecules yield
hydroxyl radicals (OH) and hydrogen atoms (H). In addition, excited molecule
states are formed, e.g., singlet oxygen, a molecule where in contrast to the ground
state oxygen the electrons in antibonding molecular n-orbitals flip spin and orbital
occupation. This results in an unstable molecule that has a higher oxidative poten-
tial than oxygen in the ground state. It, e.g., quickly reacts with the essential amino
acid histidine, leading to a loss or gain of function of proteins in dependence of the
histidine position. In the photodynamic therapy (PDT), where a photosensitizer
and intense light are used to produce singlet oxygen, similar effects are exploited
[82, 83].

The short-lived primary species, especially the noble gas excited states form in
collision with molecular gases in the plasma core, but also at the intersection
between the active plasma zone or an effluent with ambient gas molecules, second-
ary species:

This example uses molecular oxygen, but all other gas molecules can be attacked
to form radicals or excited states. The extent and location of the reaction between
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B Fig. 2.10 Density of primary ROS/RNS generated by a single discharge event at different dry
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tenfold higher production of singlet oxygen (O,! 2; and OzlAg) and hydroxyl radicals/hydrogen
atoms (H/OH). (Reproduced with permission from [§1]/CC BY 4.0)

excited noble gas species and ambient gas molecules (e.g., O,, N,, H,O of the air) are
determined by the design of a plasma source and the respective gas flow dynamics.
In the kINPen plasma jet, using argon with a higher gas flow velocity, and turbu-
lences at the effluent, ambient air interface result in its significant enrichment with
molecular gas species. As a result, this plasma source shows a desired high basal
production of reactive oxygen and nitrogen species (ROs/RNS). B8 Figure 2.10 illus-
trates the different reactive species present in the discharge, and their respective ori-
gin (either via electron impact or reaction with argon ions; also see @ Fig. 2.9). In the
case of the argon-driven plasma jet KINPen (see » Chap. 16), the generation of reac-
tive species via secondary reactions of excited argon species dominate the profile.

In the case of a helium jet plasma source that has been designed specifically for
research purposes (LAPPJ or COST-Jet) [84-87], species output is low when no
molecular gas has been added to the working gas flow. The lower gas flow rate and
significantly smaller specific weight of helium cause laminar gas flow dynamics and
reduce the mixing with ambient air and with that the formation of secondary reac-
tive species. Secondly, the very high energy of excited helium states (e.g., He*(23SI),
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He,* helium excimers, He™ ions) is less well transferred to molecular gases as in the
case of the excited argon species. When molecular gases, especially oxygen, are
added to the helium gas flow, this source is very effective in the production of
atomic oxygen [88]. Cell experiments using this condition revealed a high toxicity
towards cancer cells [89]. Atomic oxygen is also a major component in other
(experimental) plasma sources [90-92].

By further elastic and inelastic collision of primary and secondary species
with ambient molecules and themselves, downstream (tertiary) species are cre-
ated. By the reaction of higher energy nitrogen species (N, (a)) with molecular
oxygen, a number of nitrogen oxides occur (dinitrogen oxide N,O, nitric oxide
NO, nitrogen dioxide NO,, nitrogen trioxide NO,, and dinitrogen pentoxide
N,O,). Having a different lifetime and reactivity, interconversion or reaction with
other species present yield in highly dynamic non-equilibrium chemistry. The
long-lived nitrogen species nitric and nitrous acid (HNO,, HNO,), and N,O, are
the major products. By tertiary reaction of (excited) oxygen species among them-
selves or with hydrogen atoms (H), long-lived reactive oxygen species like ozone
(O,) or hydrogen peroxide (H,O,) are formed along the metastable hydroperoxide
radical (HO,*).

2.4.3.2 Inthe Liquid Phase

The interaction between a plasma and a liquid became a target of interest with the
increasing use of cold plasmas in biomedical applications in the recent 20 years
only. The liquid phase is by far less well investigated than the gas phase. A number
of reasons contributed to this imbalance: most plasmas are single-phase gaseous
phenomena, and fundamental research concentrated on its description. The inves-
tigation of chemical and mass flow processes in liquids is hampered by the physics
of itself: a gas-liquid interface confines the body of the liquid (the bulk). This
interface, a few nanometers in width, is an extremely inhomogeneous environ-
ment. Local concentrations and species lifetimes are significantly different com-
pared to the liquid bulk due to the molecular structures at the interface that affects
how solute molecules are adsorbed or solvated into the liquid. Due to high dynam-
ics, the investigation of the interface is demanding and limited by the current tech-
nical development of scientific instrumentation. At the gas-liquid interphase, the
generation of tertiary species is assumed. Among these are nitric oxide radicals
(*NO) [93], peroxynitrite ions (ONOO-) [94-96], and hypochlorite (from atomic
oxygen reacting with chloride ions) [89, 92, 97]. While NO is also generated in the
gas phase of cold plasmas, its transport through the interface into the liquid bulk
is not favored due to its bad solubility in water. Data indicate that it is formed at
the gas-liquid interface by the reaction of nitrogen dioxide radicals and atomic
oxygen. Peroxynitrite can be formed by different reactions, e.g., between nitrite
and hydrogen peroxide. This reaction takes place only in rather acidic conditions
below pH 3.5 (blood pH is 7.4). The necessary low pH is reached at the thin inter-
face between the gas phase and the liquid phase, in the bulk of distilled water
treated for moderate to long times, but not in physiologic liquids that typically
contain buffer systems (e.g., phosphate buffered saline, cell culture media, or
blood). Atomic oxygen is a primary species, formed in the active plasma zone. It is
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short-lived, and penetration into the bulk of a liquid has not been observed so far.
At the interface, it may be scavenged by chloride ions (CI~), common to all bio-
logical systems yielding hypochlorite (OCI-). Hypochlorite is a moderate oxidant,
and preserves the chemical activity of atomic oxygen that otherwise would be lost.
It undergoes an aging process, with stable chlorate (ClO,7) as the final product.
When deionized water is treated, atomic oxygen reacts with water to give hydroxyl
radicals that recombine to form H,O, and are quenched by the reaction with impu-
rities and walls.

The liquid bulk, acting as a reservoir for the plasma-generated species, is a
1000-fold denser material than a gas at normal pressure. While 1 L of water con-
tains ~3.3 x 102 H,O molecules, 1 L of oxygen (at normal pressure) contains only
~2.7 x 10*2 molecules (1 mol of gas ~ 22.4 L). This reduces species lifetimes due to
a significantly higher number of collision than in gas phase, and the water mole-
cule, a dipol, is very reactive.

2.4.3.3 In the Solid Phase

For many decades, targets of plasmas were solids — metals, glass, or similar materi-
als [98-100]. The interaction with such surfaces has been investigated thoroughly,
but the transferability of the results to human or animal tissue is very limited.

2.5 Applications of Cold Plasmas

Along with the versatility of cold plasmas, its spectrum of uses is too broad to
be covered in this chapter except for a brief outlook predominantly introducing
literature for further reading (e.g., compiled in [101, 102]). The following para-
graph will focus only on applications outside plasma medicine to provide an
overview on relevant application fields of cold plasma technology. Besides the
direct use of an open or hidden plasma source like in plasma medicine or in illu-
mination technology, plasmas are predominantly applied in numerous produc-
tion processes. In automotive, surfaces, especially of the window glass, are
refined to increase surface tension with the effect that water droplets run off the
glass without the need for wiping. Dominating percentages of the facades of
recent buildings are made of glass — yielding to the need of special glass proper-
ties such as heat and light reflection, insulation, or endurance against harsh con-
ditions. Thin surface coatings made of metal oxides and metal nitrides are
generated on the glass by industrial cold plasma processes (plasma sputtering).
In addition, etching of hard and/or delicate surfaces can be achieved by plasma
guns, yielding ultra-precise optical surfaces. The heart piece of the world’s larg-
est optical telescope to be, the extremely large telescope (ELT) built by the
European Southern Observatory on Cerro Amazones in the Atacama Desert of
northern Chile (Antofagasta, Chile), is a 39 m diameter segmented primary mir-
ror. Each of its 798 pieces with 1.45 m edge length will be refined by a plasma ion
beam polishing process to reduce surface roughness down to a few nanometers



55 2

Cold Physical Plasma: A Short Introduction

[103]. Polymers and plastics, inevitable items of modern technology, are etched
by plasma to improve bonding strength of glues or to facilitate imprinting. Here,
the surface of the respective material is chemically modified, e.g., to contain
polar chemical groups such as amino or carboxyl groups. Surplus to the general
improvement of the polymers wettability, these groups can be used as chemical
anchors to immobilize proteins or other biomolecules, opening the field of bio-
sensors and other functional surfaces [104]. Further, metals and ceramics
intended for implantation into the human or animal body may be modified to
foster osseointegration, both in dentistry (dental implants) [105-107] and in
trauma or salvage surgery (e.g., joint replacements) [108, 109]. Plasma sputter
processes achieve a surface suitable for cell attachment, and release antimicro-
bial agents such as silver ions to reduce the risk of infections [110, 111]. Also in
the energy industry, plasmas are of relevance. Switching a few hundred thousand
volts is a demanding task needed in power plants — the simple disconnection of
two pieces of conducting metal that works well to switch off the light at home
does not yield the desired result: a plasma arc forms between the two pieces, and
since the plasma is a decent conductor, the current is not stopped. A whole
research field has formed around this phenomenon, and modern high circuit
breakers use a combination of suitable enduring materials, electrode shapes,
hard to ionize gas fillings, and timing to disconnect the energy supply safely
[112]. Research is needed in the case of direct current circuit breakers that are of
interest in terms of photovoltaic energy generation and direct current energy
grids [113]. This also applies towards the use of plasma processes for the produc-
tion of new materials, for hydrogen technologies, energy conversion and storage,
where efficiency increases and upscaling are required in addition to providing
unique material properties [101]. Welding is still the most important technique to
join metals and, more recently, used on thermoplastics. (Electrical) welding pro-
cesses make use of the same phenomenon with inverted algebraic signs; research
on electrode material, supply gases, and current waveforms is performed to
improve the bonding between the welded materials and to reduce energy con-
sumption. Plasma discharges are used for cleaning processes — both in liquids
(wastewater treatments) or gas phase (exhaust gases, air conditioning, and
deodorization), combating environmental pollution [114]. Large-scale plasma-
reactors can remove NO_, SO, and dust in the flue gas emissions of industrial
incinerators (50,000 m?/h) [115]. More recently, the conversion of greenhouse
gases mainly carbon dioxide (CO,) and methane (CH,) into value-added chemi-
cals and liquid fuels gained increasing attention, and research targets the efficacy
of the process [116]. In agriculture, also the fixation of nitrogen from air for soil
fertilization is an emerging plasma process that is of interest, where transport is
the limiting factor and energy can be generated locally from renewable energies
[117]. Overall, optimization of pre- and post-harvesting processes in agriculture
and food industry is an emerging field of plasma technology [102]. The disinfec-
tion of food containers and fresh produce is a major, near-to-market application
in this respect [118, 119].
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Box 3 Important Notes

== (Cold plasmas are versatile:

== Main fields of cold plasma application are: illumination technology, surface edit-
ing and refinement, cleaning purposes (including liquids and gases), welding,
chemical conversions.

Conclusion

Cold physical plasmas of natural and artificial origin are common to the environment
we live in. They represent an enabling technology that can be adapted by engineering
to a multitude of applications, both in the technical and the biomedical world. Being
an attractive research target, cold plasmas entered biomedical application in the later
nineteenth century. Their use subsided due to the lack of scientific background in
the middle of the twentieth century, and since the beginning of the current millen-
nium, a substantial increase in knowledge supported their successful return to clini-
cal application. Cold plasmas comprise a mix of potentially bioactive components,
with reactive oxygen and nitrogen species, ultraviolet light, and electrical fields as
major effectors. Acting jointly, biological processes relevant in various inflammatory
events such as cell-cell-communication, cell proliferation, cell migration, and others
are modulated. Subsequently, a precise stimulation of tissue functions allows the
application of plasmas in conditions like acute and chronic wounds, precancerous
and cancerous lesions, and to stop bleeding (e.g., after surgical interventions).
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