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Abstract

The aim of this thesis was the development and characterization of a cold atmo-
spheric plasma source (CAP) tailored for clinical applications. During experiments,
various materials were tested in a long-term plasma afterglow environment for their
suitability in CAP decontamination and as components for CAP sources, and af-
terwards a novel, adaptable CAP source was built and characterized. For the suit-
ability-study, materials were chosen from different material groups, namely met-
als (stainless steel), glass (borosilicate glass) and polymers (polypropylene, rigid
polyvinyl chloride and fluorinated ethylene propylene), representing typical ma-
terials used in the healthcare sector.

Here, different degrees of surface modification were found. While fluorinated ethy-
lene propylene showed almost no modifications, slight to significant changes in free
surface energy, surface morphology, surface composition and oxidation was found
for the other materials, especially stainless steel. Additionally, sporicidal efficacy of
the CAP source was proven, with a logjo reduction of Bacillus atrophaeus endospores
of 4.3-6.2 within 15 minutes. Here, hydrophobic properties of the tested materials
and hence layering and shielding of the bacteria showed the greatest limiting effect
in spore reduction.

Based on these findings, the prototype of a CAP source was designed and con-
structed. Aim for this design was to create an adaptive, low-cost, efficient and
durable plasma source. Hence, sputter-coating of the electrodes on a flexible di-
electric material was tested. As dielectric, polyethylene naphthalate (PEN) foil was
chosen because of its high dielectric strength and excellent chemical resistance. By
sputter-coating, different electrode materials and electrode thicknesses were depo-
sited onto the PEN foil and tested for their resistance against material modifications
and for their endurance during plasma ignition. Based on its performance, palla-
dium was chosen, with a thickness of 110 nm for both electrodes.

For this prototype (palladium-sputtered electrodes with thickness 110 nm on both
sides), different characterization tests were done. Firstly, ozone measurements re-
vealed plasma parameters for ozone and nitrogen mode. Secondly, laser microscopy
showed the development of a border area on the edge of the grounded electrode.
Thirdly, plasma diagnostical approaches indicated electron temperature, electron
density and vibrational temperature for nitrogen mode, and plasma power was eval-
uated. Lastly, bactericidal efficacy was measured for different ozone mode plasma
parameters and for nitrogen mode, using different CAP source prototypes. Here,
within 5 minutes, a logg reduction of 6.7 (nitrogen mode) and 5.3 (0zone mode) was
achieved, respectively.

Endurance of the different plasma mode prototypes showed to differ, depending on
the used plasma mode. While the nitrogen mode prototype burned through after
almost 150 minutes, corresponding to 50 plasma ignitions, the two ozone mode pro-
totypes still worked reliably after the end of the experiments.

An evaluation of the performance of the newly developed CAP prototype shows,
that reduction efficacy is in the same order of magnitude, but with shorter required
treatment intervals than the plasma source used during the material tests. At the
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same time, the newly developed prototype works with an power density, which is
one order of magnitude lower than that used for the previous plasma source, indi-
cating improved effectiveness.

To sum it all up, the experimental studies conclude, that the treatment with cold at-
mospheric plasma is a non-destructive and adaptable cleaning method for various
materials. Combining CAP treatment with conventional sterilization methods could
enhance the pathogen reduction, especially with regard to geometrically complex or
heat-sensitive materials. PEN foil as dielectric has promise because of its characteris-
tics and sputter-coating technique shows to be an adaptable and low-cost possibility
to produce flexible and highly effective cold atmospheric plasma sources.



Zusammenfassung

Das Ziel dieser Dissertation war die Konstruktion, Entwicklung und Charakter-
isierung einer kalten atmosphérischen Plasmaquelle (eng. Cold Atmospheric Plas-
ma; kurz: CAP) fiir klinische Dekontaminationsanwendungen. In experimentellen
Studien wurde eine Bewertung der Langzeitwirkung von kaltem Afterglow-Plasma
auf verschiedene Materialien vorgenommen, um deren Eignung fiir die Plasmade-
kontamination zu bestimmen, und im Anschluss, basierend auf den Erkenntnissen
der Langzeitstudie, eine neuartige, flexible CAP-Quelle gebaut. Die zu untersuchen-
den Materialien fiir die Langzeitstudie wurden aus drei Materialgruppen, welche im
klinischen Alltag vertreten sind, gewahlt. Hierbei handelte es sich um Metall (Edel-
stahl), Glas (Borosilikatglas) und Polymere (Polypropylen, weiches Polyvinylchlorid
und Fluorethylenpropylen). Im Zuge von Oberflachenmodifikationsuntersuchun-
gen zeigte sich, dass die Behandlung mit kaltem Plasma im Allgemeinen die Ober-
flachenbenetzbarkeit mit Fliissigkeiten, die Zusammensetzung der Oberflichenen-
ergie und die Oberflichenmorphologie verdnderte. Zudem wurden Verdanderun-
gen der chemischen Zusammensetzung der Oberfliche und Oxidation gefunden. In
den Experimenten wies Edelstahl gegeniiber den anderen getesteten Materialien die
signifikantesten Modifikationen auf, wahrend Fluorethylenpropylen durch die Plas-
mabehandlung praktisch nicht verdndert wurde.

Mit Hilfe von Bacillus atrophaeus Endosporen wurde zudem die dekontaminierende
Wirksamkeit der Plasmaquelle gezeigt, wobei je nach Material eine logjg-Reduktion
von 4,3-6,2 innerhalb von 15 Minuten erreicht werden konnte. Hierbei waren die hy-
drophoben Eigenschaften der verschiedenen Materialien und die sich daraus erge-
bende gegenseitige Abschirmung der tibereinanderliegenden Bakteriensporen wih-
rend der Plasmabehandlung der entscheidende limitierende Faktor, wiahrend ein
Einfluss der Oberflaichenmodifikationen nicht nachweisbar war.

Basierend auf diesen Erkenntnissen, wurde eine neuartige CAP-Quelle entwickelt,
fiir die aufgrund seiner hohen dielektrischen Durchschlagsfestigkeit und heraus-
ragender chemischer Bestdndigkeit eine Folie aus Polyethylennaphthalat (PEN) als
Dielektrikum genutzt wurde. Durch das Aufsputtern von Elektrodenmaterial auf
die flexible Oberfldche der Folie wurde eine verformbare Plasmaquelle geschaffen.
Hierbei wurden verschiedene Elektrodenmaterialien und -dicken auf ihre Plasmare-
sistenz getestet, wobei letztendlich Palladium mit einer Dicke von 110 nm verwen-
det wurde. Die mit diesen Eigenschaften hergestellte Plasmaquelle wurde im Fol-
genden mit Hilfe unterschiedlicher Analysemethoden charakterisiert.

Zunichst wurden die Plasmaparameter bestimmt, mit welchen die CAP-Quelle im
reinen Ozon- und Stickstoffmodus betrieben werden konnte. Mit Hilfe von Plasma
Diagnostik wurden zudem die Elektronentemperatur, -dichte und Vibrationstem-
peratur im Stickstoffmodus und die Leistung des Plasmas bestimmt. Mittels Laser-
mikroskopie wurde eine durch die Plasmabehandlung erzeugte Grenzflache auf
den Plasmaquellen sichtbar. Aufferdem wurden die bakteriziden Eigenschaften mit
Hilfe von Escherichia coli Bakterien gezeigt.

Dabei wurden Bakterienexperimente im Ozon- und Stickstoffmodus durchgefiihrt.
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Hierbei zeigte sich, dass die hochste bakterizide Wirksamkeit im Stickstoffmodus er-
reicht wird, mit einem logo-Reduktionswert von durchschnittlich 6,7 innerhalb von
5 Minuten, wobei der hierfiir verwendete Prototyp mit 50 Plasmaziindungen in fast
150 Minuten Betriebszeit im Vergleich zu dem im Ozonmodus betriebenen, welche
auch nach Abschluss der Experimente noch voll funktionsfahig waren, eine kiirzere
Lebensdauer aufwies. Im Vergleich dazu wurde mit den im Ozonmodus betriebe-
nen Prototypen ein logjo-Reduktionswert von bis zu 5,3 innerhalb von 5 Minuten
erreicht.

Vergleicht man die Ergebnisse der beiden Studien, so wird deutlich, dass die Bak-
terienreduktion des neu entwickelten Prototypen vergleichbar ist mit der vorher
verwendeten Plasmaquelle. Gleichzeitig benotigt die neu entwickelte Plasmaquelle
fir diese Ergebnisse kiirzere Behandlungszeiten und eine um eine Groéflenordnung
geringere Leistung, was insgesamt auf eine verbesserte Effektivitdt hindeutet.
Insgesamt erwies sich die CAP-Behandlung als eine erfolgreiche, nicht-destruktive
Reinigungsmethode fiir eine breite Palette von Materialien, insbesondere fiir hitze-
empfindliche Materialien oder komplexe Geometrien der zu behandelnden Ober-
flache. Die Ergebnisse deuten darauf hin, dass CAP-Dekontamination als Ergéan-
zung zu herkdmmlichen Sterilisationsmethoden eingesetzt werden sollte, um die
Reduktion von Krankheitserregern insgesamt zu erhohen. Die Verwendung von
PEN-Folie als Dielektrikum, genau wie die Methode des Elektrodenaufsputterns
zur Herstellung flexibler, giinstiger, effizienter und anpassbarer Plasmaquellen bi-
etet sich hierbei an.
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Chapter 1

Introduction

Millions of deaths every year are caused by hospital-acquired multidrug-resistant
microbes [1, 2] and the increase in antibiotic-resistance leads to significantly longer
hospital stays and higher healthcare costs [3]. A breakthrough in plasma physics
in the beginning of the 21th century gave new perspective to the fight against mi-
crobes. Scientists discovered, that cold plasma at atmospheric pressure (CAP) was
able to deactivate bacteria, fungi and viruses, on agar plates under laboratory condi-
tions [4-8]], but also on different surfaces [9}10] and on human skin [11H13] without
thermal or destructive stress for the surrounding cells of (human) tissue. Further
research found even wound healing and cancer threatening interactions of plasma
with cells [14-17]. This opened up a new field of plasma application, the so-called
plasma medicine sector. Scientists from different backgrounds, namely physics, bi-
ology, medicine, chemistry and engineering united their knowledge and started to
research to better understand the effects of plasma treatment.

Quickly it became apparent, that plasma treatment was not only effective with sin-
gle, non-resistant bacteria, but also biofilms [18,19] and antibiotic-resistant bacteria,
such as Methicillin-resistant Staphylococcus aureus (MRSA) [12, 20-23]], could be de-
activated with CAP treatments. Heat sensitive surfaces, such as food [7] and human
skin [12], could be treated and also plasma activation of water showed beneficial
effects, e.g. in cancer treatment [24, [25]. As a consequence, other CAP application
sectors, such as agriculture, nutrition science and chemical treatments arose [26].

In contrast to conventional cleaning methods, such as UV sterilization, the use of
ethanol, or steam pressure sterilization [9, 27-29], plasma treatment acts quickly
and can be used on temperature sensitive surfaces and, due to its gaseous nature,
can even be used on difficult geometries or inaccessible surfaces such as capillaries
[20, 30]. Moreover, no residues are left after plasma decontamination, and it pro-
vides an inexpensive alternative for the decontamination of spacecraft equipment
[31]. Plasma for medical treatment is generated at lower input powers compared to
plasma that is used for etching or in ozone generation reactors [32, 33].

Despite its lower input powers and low thermal temperature [26], CAP is highly re-
active due to different reactive oxygen and nitrogen species (RONS), generated by
the high energetic free electrons of the plasma [11, 34]. To achieve safe and reliable
decontamination procedures, one has to take into account the materials’ character-
istics after multiple decontamination processes, for treated material samples as well
as for the plasma setup materials. While different research groups investigated acti-
vation and modifications of surfaces directly after plasma treatments [35-42], as well
as recovery processes of surface modifications within up to 5 days after plasma treat-
ment [41], the long-term influence of plasma decontamination on different materials
was not tested yet. Especially a comparative study on different material groups with
one plasma source, and on the effect of multiple plasma decontamination processes
simulating long-term use was missing. Hence, in a first experimental series, the
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influence of CAP treatment on different materials, commonly used in the medical
sector, was tested [43]. Using the results of the first experimental setup and given
the fact, that the used plasma source regularly needed to be polished and the con-
junctions to be renewed due to chemical reactions of the used materials, a novel
plasma source was designed.

Here, focus was set to find electrode and dielectric materials, that met the require-
ments of being chemically stable during and after plasma ignition. At the same time,
a plasma geometry had to be found where a maximal reaction output could be gen-
erated. The novel plasma source was characterized for different plasma modes, to
achieve an adjustable mix of reactive species and thus a broad and diverse spectrum
of application. Another characteristic that was met was the adaptability to different
treatment geometries, hence a small and flexible plasma source, that worked with-
out external gas inlet, was built and characterized [44].

To meet the requirements of medical decontamination, Bacillus atrophaeus endospo-
res and Escherichia coli bacteria respectively were used to verify bactericidal and spo-
ricidal efficacy of the two plasma sources in the experiments.

In the following chapter, an overview of the most important aspects of CAP, such
as possible technical realizations, significant plasma properties, and the subsequent
deactivation mechanism on living cells is given. Physical and biological methods to
achieve the results presented in the publications are explained in detail in the sec-
tions and In addition, a brief overview is given of the physical, chemical
and biological methods used to characterize the CAP itself and its effects on living
cells. A deeper insight will be given to each publication in chapter 3| followed by
the corresponding articles in chapter [ and [f] At the end, the findings of the two
articles will be placed in the context of their medical use and an outlook for future
application will be given.



Chapter 2

Background Information

2.1 Overview of cold atmospheric plasma physics

Plasma, named by Irving Langmuir with the Ancient Greek word for “moldable
substance”, can roughly be described as an ionized gas. Typically, plasmas are de-
fined as the fourth state of matter as they can be generated by increasing the energy
of gaseous systems. Through the increase of energy, free electrons and ions are gen-
erated, hence plasmas are electrically conductive, one of the main characteristics of
plasma in contrast to systems in the gaseous state. Depending on the type of dis-
charge and the environment, plasma can have different degrees of ionization, dif-
ferent proportions of neutral gas in the ionic state, and different energetic states of
molecules and atoms.

In contrast to the phase transitions between solid, liquid and gaseous, the phase
transition between gaseous and plasma is rather smooth, and hence, depending on
the phenomenon, already ionized gasses with small degrees of ionization << 1 can
be described as plasma.

Most visible matter in the universe (more than 99% [45]) is in plasma state, e.g. stars
and ionizing radiation. Plasma can be generated in different forms and using dif-
ferent physical techniques. Applications of plasma are as diverse as plasma’s char-
acteristics. There are many established plasma applications for industrial processes,
often using either vacuum or a specific type of environment to produce, for example,
thin functional layers. A very specific and emerging area that is not yet established
in industry is the ignition and use of plasma in the atmosphere and on living cells
and tissues.

This new field of application for weakly ionized plasma, is the so-called field of
plasma medicine, where the mixture of different species produced is used to obtain
different interactions with the surrounding chemical, for example to help clean and
regenerate a chronic wound. Here, the reactive outcome of physical plasma with the
surrounding air or gas is used to inactivate bacteria, fungi and viruses on surfaces
and in wounds, to enhance wound healing and to destroy cancer cells. Moreover,
the characteristics of plasma to inactivate pathogens were further transmitted to the
fields of agriculture and food technology and hence, there is a wide field of research
now as well.

One strong advantage of weakly ionized plasma is the rather non-damaging charac-
teristic and, strongly linked to that, the fact that it can be generated at low tempera-
tures, namely close to room temperature. The reason for this unique characteristic is
the difference in mass of electrons, ions and neutral gas components. While ions and
neutral gas atoms with their relatively huge mass (compared to electrons) hardly get
accelerated by the time of one discharge cycle and are thus low-energetic with ener-
gies in the order of 1/40 eV (= 290 K or 17 °C), the lighter electrons get accelerated
and thus have energies in the order of 1eV. Hence, the plasma is in non-equilibrium.
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FIGURE 2.1: Different plasma jet configurations typically used in
plasma medicine. Adapted from [47].

Due to the small mass of the electrons, there is only a small energy transfer when
colliding with for example the skin, while the noticeable temperature of the plasma
is dominated by the energy transfer of the ions and neutral gas components.

Using different techniques, these low temperature plasmas can be generated at low
pressure using a carrier gas, such as argon (Ar), helium (He) or xenon (Xe)[16], or at
atmospheric pressure where molecules of the surrounding gas, in most applications
the air itself, are ionized [18, 20].

2.1.1 Cold Atmospheric Plasma Sources

These plasmas, so-called “cold atmospheric plasma“(CAP), can roughly be divided
into two groups, depending on the plasma geometry. Firstly, CAP can be generated
as a jet-configuration, where inside of an insulator or dielectric a plasma is generated
between two electrodes and the plasma is extruded due to the active gas flow reg-
ulation as a plume through a nozzle (compare figure 2.T). One characteristic of this
first group - the CAP jets - is the need of carrier gasses and the small plasma geome-
try, which results in highly accurate plasma treatments of small treatment areas due
to the plume’s sharp and roughly linear outcome. One possible application for CAP
jets is the treatment of root canals, where precise and fine treatment is necessary [46]].

Secondly, plasma can be generated as a dielectrical barrier discharge (DBD), which in
contrast to jet plasmas has a wider geometry and a rather diffuse plasma outcome.
The group of DBD plasmas again can be devided into three subcategories. Here,
volume DBD plasmas, floating electrode DBD, and surface microdischarge plasmas
(SMD plasmas).

The differences between floating electrode DBD, volume DBD and SMD plasma can
be seen in figure While all DBD-types consist of a driven electrode and a dielec-
tric, volume DBD and SMD plasmas have a second, grounded electrode, whereas
floating electrode DBDs use the treatment target as grounded electrode.

The major difference of volume DBD and SMD plasma sources is the position of the
grounded electrode. While for volume DBD plasmas there is a gap between driven
and grounded electrode (each possibly in contact with the dielectric), which could be
filled with a carrier gas or with air, the driven and grounded electrodes are directly
attached to one dielectric for SMD plasma configurations. As a consequence, sam-
ples in a floating electrode DBD or volume DBD setup can be directly exposed to the
generated plasma by placing them in the gap between driven and grounded elec-
trode or by using the sample as grounded electrode. Hence, a high range of short-
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FIGURE 2.2: Different DBD plasma setups. A shows a Floating Elec-
trode DBD, B a Volume DBD and C an SMD plasma source. Adapted
from [47].

and long-living species, generated by the interaction of plasma with the surrounding
gas can interact with the sample. These species are highly reactive and consist - for
air as carrier gas - mainly of different reactive oxygen and nitrogen species (RONS).
In contrast to this, plasma-gas interaction, and hence the emitted light of the plasma,
is localized at the borders of the grounded electrode for SMD plasmas. Here, to im-
prove the production of RONS, the grounded electrode has a grid-like configuration
to maximize the total electrode border area. At this border, gas molecules get chemi-
cally excited by the reaction with the free electrodes in the plasma. As a consequence,
reactive species develop, which further react with other gas molecules in the plasma
chamber. The dispersion of activated gas molecules continues until the entire exper-
imental chamber is filled with reactive species, but in contrast to floating electrode
DBD and volume DBD devices, only long-living species with a lifetime of more than
a few seconds reach the target and thus are relevant. This gaseous mixture is de-
scribed as plasma afterglow [48]. In afterglow plasma sources, there is no current
transfer from the plasma to the target [49].

Experiments presented in this thesis were based on different SMD plasma sources,
thus the generation mechanism of dielectrical barrier discharge plasmas is described
in more detail in the following section.

Dielectrical Barrier Discharge Plasma Generation

At atmospheric pressure, plasma is generated by high electric fields. As soon as a
configuration-specific voltage and frequency is reached, free electrons are acceler-
ated between the electrodes, which leads to an electrode avalanche, and finally an
arc discharge towards the grounded electrode is generated. To suppress the arc dis-
charge, a dielectric barrier is added between the two electrodes. Hence, after the
start of the electrode avalanche, the electrodes accumulate on the dielectric and the
electric field strength is reduced. In direct current conditions (DC), the ions in the
electrode gap stream towards the cathode and the plasma discharge stops. Those
streams, so-called filaments, have a lifetime in the order of nanoseconds. By com-
bining this process with an alternating current (AC), the frequency can be chosen in
such an order of magnitude (often in the range of kHz) that the ions, which are a lot
slower than the electrodes, do not have enough time to stream towards the cathode
and hence the formation of filaments is suppressed. This phenomenon is called ion
trapping. The separation of electrons and ions by their inertia leads to a correlation
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between external frequency, collision frequency, applied voltage and the distance be-
tween the two electrodes. Hence, by carefully choosing a suitable dielectric, stable
plasma discharge with suppressed filaments can be realized.[50]

During these processes, free electrons and ions of the plasma interact and chemi-
cally react with the surrounding air close to the electrode. Air molecules get excited,
charged or ionized and different reactive species, such as O3, N3, ‘O, N; , OH, O,
10,, NOx, H,O; and Os [11} 24, 34] are produced.

For floating electrode DBDs and volume DBDs, all these reactive species interact
with the treatment target, varied in concentration depending on the environmental
conditions. In contrast to this, SMD devices have a distance between the ignited
plasma at the interface of grounded electrode and dielectric, and the treatment tar-
get, hence not all of these reactive species are able to reach the target. The reactive
species further interact and react with the surrounding air, and the radicals (short-
living species) [51] react to neutral molecules, which are the long-living species, and
hence dominate the plasma afterglow, which is prominent in the treatment chamber.
Bacteria or material samples, placed underneath the SMD plasma source, interact
with these long-living reactive species.

During the experiments, different bacteria were plasma-treated with different SMD
plasma sources. Hence, a brief introduction to bacterial experiments and plasma-
bacterial interactions is given in the following section.

2.2 Terms and Concepts of Bacterial Experiments

The term “bacteria”, often used as a definition of small organisms in general, is
rather unspecific. Bacteria can be divided into different groups, depending on char-
acteristics like cell wall structure, shape, host-environment, or nutrient intake. In
fact, we humans are closer related to any plant, regarding the structure of our cells,
than some bacteria belonging to different bacteria families are to each other [52, 53].
All life forms are classified into three domains, namely bacteria, eucarya, and ar-
chaea [54]. Bacteria and archaea are organisms made of prokaryotic cells, which
means that their DNA is not embedded into a nucleus but forms a nucleoid in the
cell’s cytoplasm, while eucarya are organisms made of eukaryotic cells (as plants,
animals and humans) and hence their cells have a nucleus surrounding the DNA
strain.

CAP treatment with both bacteria and eucarya has been researched intensively and
the treatment with heat, shear stress or UV light, as well as the reaction with reactive
oxygen and nitrogen species and charged species was found to cause effects in the
cell’s viability. Usually, CAP sources are designed to limit UV emission, shear stress
and thermal damage, for they need to meet the requirements of treating living tissue.
As a consequence, the production of charged particles (not for afterglow plasma)
and RONS is found to be the underlying mechanism of cold atmospheric plasma
treatment. The effects of CAP on eukaryotic and prokaryotic cells can be lethal and
nonlethal, but considering the more advanced defense system and the much better
repair possibilities of eukaryotic cells, higher treatment doses are required to induce
lethal effects in eukaryotic cells than in prokaryotic cells. Hence, plasma treatment
can be adapted to cause lethal effects selectively in prokaryotic cells. [49]

The group of bacteria can be further divided, describing different characteristics of
bacteria groups. One important criterion is the classification as to whether the bac-
teria is gram-positive or gram-negative. Here, various bacteria react differently on
Gram staining, depending on the structure of their cell wall. While gram-positive
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Gram-positive
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Gram-negative
cell wall

Thick murein layer Thin murein layer

FIGURE 2.3: Differences of cell wall structure for gram-positive and
gram-negative prokaryotes, adapted from Roland Mattern [57].

bacteria, such as bacteria of the genus streptococcus, enterococcus or bacillus, have
a thick layer of murein in the cell wall, gram-negative cells, such as the family of
enterobacteriales, have a thinner murein layer. [55,56]

In figure the differences in cell wall structure of gram-positive and gram-nega-
tive bacteria can be seen. Given the context of bacteria inactivation, which is the
target of plasma medical applications, research groups tested the resistance of gram-
positive and gram-negative bacteria to different plasma treatments [20, 58]. Laroussi
et al [59]] found for example, that with their plasma source the inactivation of gram-
positive Bacillus subtilis and gram-negative Escherichia coli was possible, but further-
more found the cell walls of the gram-negative bacteria to be destroyed, while the
gram-positive bacteria’s cell wall was rather intact. Naturally, bacteria have devel-
oped certain mechanism to prevent themselves from outer stress. As a consequence,
some bacteria are able to form biofilms, a syntrophic community of microorganisms,
to build a bacteria matrix with inner matrix communication and different functions
inside the matrix [60]. Other bacteria are able to form endospores, which means they
are, if conditions are unfavorable, in a state comparable to winter dormancy, and
hence capable of reaching a high degree of resistance [61]]. Different research groups
found both biofilm forming and spore forming bacteria to be sensitive and prone to
CAP treatment [43, 62H66]], and - combining the characteristics of biofilm forming
and differences in cell wall structure - Mai-Prochnow et al [58] found gram-negative
biofilms to be more sensitive to plasma treatment than gram-positive biofilms.

2.2.1 Bacteria sample preparation

For the experiments, two different bacteria strains were used and hence, different
sample preparation was necessary. During the experiments, presented in chapter 4
Bacillus atrophaeus NRS 1221A endospores were used, for those presented in chap-
ter [5) Escherichia coli K12 MG1655 was used. The following subsections will clarify
some important microbiological terms, to introduce the two bacteria strains and to
describe sample preparation for the two cases.

Microbiological Terms

To understand bacteria sample preparation, one needs to understand some terms
of microbiology first. Therefore, the most important measurement and preparation
techniques, terms and definitions are explained briefly in the following enumera-
tion:
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Agar Plates are petri dishes, filled with a gelatin-like substance called agar-
agar. The agar is further mixed with different nutrients which encourage bac-
teria growth.

Culture Medium is a liquid or agar containing different substances for optimal
bacteria growth. Depending on the bacteria species, different culture media
are available. During the experiments, lysogeny broth (LB) was used for the
cultivation of Escherichia coli and R2A for the cultivation of Bacillus atrophaeus.

Incubation is the term used for bacteria growth under ideal temperature con-
ditions. Here, either a bacteria solution or an agar plate with bacteria plated
on it is placed for a specific time (usually 24-48 hours) inside the incubator
and temperature is set to a fixed value, depending on the bacteria. During the
experiments, Bacillus atrophaeus were incubated at 32 °C, Escherichia coli at 37
°C.

Cell forming units (CFU) describes the number of bacteria, that are able to re-
produce after a treatment. To evaluate the number of CFU, agar plates with the
bacteria suspension equally spread on, are incubated after cold atmospheric
plasma treatment. Through incubation, every reproducible bacteria forms an
individual colony which is visible on agar as a small dot, hence the total num-
ber on the plates can be counted and compared to an untreated sample, the
so-called ‘reference sample’.

Vortexing describes the process of mixing a liquid medium with bacteria to
create a homogeneous dilution of the bacteria culture. Here, a special mixer,
the so-called “vortexer’, is used.

Plating is the process of applying a bacteria suspension onto the agar plate.
One method to plate is by pipetting a specific amount of the suspension onto
the agar and then spreading out the suspension homogeneously with a sterile
Drigalski spreader.

Dilution Series describes a mechanism, where high-concentrated bacteria sus-
pensions are diluted in several steps to get a countable bacteria concentration
in reference samples. Usually, bacteria concentration is reduced by one log
with every dilution step.

Optical Density is a value that describes the opacity of bacteria solutions.
The densitometer is tared to the optical density of 1000 u! of the used culture
medium inside a glass cuvette and then the optical density of 1000 u! of the
bacteria solution in the culture medium inside a glass cuvette is measured. By
dilution of the bacteria suspension, the optical density of the suspension is ad-
justed to a fixed value, hence the bacteria solution contains the same amount of
bacteria for every experimental procedure. One has to take into account, that
optical density measurements do not differentiate between living and dead
bacteria, thus the bacteria solution has to have the same age and has to be
stored at known conditions, especially regarding the temperature, for every
procedure.

D-value describes the treatment time that is necessary to achieve 1 log;o reduc-
tion of bacteria.
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Log 1o Reduction of | Surviving Bacteria
Reduction | Bacteria [%] | out of 100.000.000
1 90 10.000.000

2 99 1.000.000

3 99,9 100.000

4 99,99 10.000

5 99,999 1.000

6 99,9999 100

7 99,99999 10

8 99,999999 1

TABLE 2.1: Number of surviving bacteria for different log reduction
values. Adapted from [67].

Decontamination and Sterilization are two terms, strongly linked to each
other. While decontamination describes in general the removal and reduction
of microorganisms such as bacteria, viruses, spores and fungi, sterilization de-
scribes the complete deactivation of all forms of life. As sterilization can not
be proceeded with 100% accuracy, usually a certain log;g reduction and hence
only a decontamination is achieved in reality. In table the logyo reduction
stages are opposed to the corresponding percentage of inactivated bacteria and
the corresponding number of surviving bacteria. Here, for example a logj re-
duction of 6 needs to be achieved for clinical operation equipment [67] and
from logyo 5 the decontamination is described as high-level disinfection [68].

Statistically Valid Results are achieved by replication of the experiments.
Here, the experiments were conducted at least three times on different days to
ensure that the results are consistent and reliable.

Bacillus atrophaeus

Bacillus atrophaeus (B. atrophaeus) is a gram-positive, rod-shaped bacteria which nat-
urally hosts in soil [69]. Cells form at aerobic conditions e.g. on R2A agar in a
temperature range from approximately 5°C to 55°C, where the optimal conditions
are between 28-33°C [70, 71]. Under harsh conditions, they form endospores. B. at-
rophaeus was established as industrial bacterium, among others to verify disinfection
agents, in studies of biodefense, and as sterilization indicator [69, 72].

For bacteria sample preparation, a master suspension with a bacteria density of
approximately 108/ml of Bacillus atrophaeus NRS 1221A endospores, dissolved in
deionized water, were used. First, a defined droplet of the master suspension was
spread on the material samples and dried over night. Afterwards, the samples were
plasma-treated for different treatment times. After that, the samples were added to
deionized water, and vortexing and ultrasonic treatment were used to suspend the
bacteria again in water. Using this plasma-treated suspension, a dilution series was
conducted and finally the diluted suspension was spread on R2A agar plates. To
evaluate the cell’s ability to form new cells, these agar plates were incubated and the
cell forming units were counted the following day.

In contrast to this experimental setup using bacteria endospores, Escherichia coli K12
MG1655, used for the experiments in chapter [5|, were treated differently.
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Escherichia coli

Escherichia coli (E. coli) is a gram-negative, rod-shaped bacterium which is found
in the human microbiome [73]. E. coli has lots of different strains, most of them
harmless, but some of them pathogenic, e.g. enterohemorrhagic E. coli (EHEC). It
has been investigated intensively and nowadays is an important prokaryotic model
organism in microbiology [74-77].

For bacteria sample preparation, one E. coli colony was taken with an inoculation
loop from the pure microbial E. coli K12 MG1655 culture on LB agar in the fridge and
was diluted into liquid LB medium. The tube containing the LB-bacteria-solution
was stored over night at 37 °C in the incubator, slightly shaking the tube with the
help of an orbital shaker.

The following day, the bacteria concentration of the suspension was standardized,
using optical density measurement technique. On average, a bacteria density of 5.75
- 108 /ml was reached. For plasma treatment, the bacteria solution was spread on LB
agar plates, which were incubated after plasma treatment, and the number of cell
forming units was counted the following day.

To analyze the inactivation of bacteria, two different cold atmospheric plasma sour-
ces were used, which are presented in the following section.

2.3 Experimental Design, Materials and Set-up

2.3.1 Plasma Source I: Surface Micro-discharge chamber

The experiments to evaluate surface modification caused by cold atmospheric plas-
ma treatment (see chapter |4) were conducted using an adapted surface micro-dis-
charge plasma source, initially built by the Max-Planck-Institute Garching and its
spin-off, the company terraplasma GmbH. In figure a picture of the plasma
source and the emitted light can be found, in figure a sketch of the setup of
the plasma source and the electric circuit of the experiments can be seen in detail.
The SMD plasma setup consists of a driven copper electrode, a grounded aluminum
grid, and a dielectric sandwiched between them. The whole setup, connected to a
voltage amplifier for plasma generation, is at the top inside of a small box. For the
experiments the box material was changed to PEEK due to erosion of the former ma-
terial. The initial dielectric material was a 650 um-sheet of polytetrafluoroethylene
(PTFE), which was changed to quartz glass with a thickness of 1 mm.

A sinusoidal voltage of 9 kV,, and a frequency of 2 kHz was applied to generate the
plasma. Samples were placed at the bottom of the box on a grounded metal plate
underneath the plasma source, with a distance of about 26 mm.

While the plasma discharge with this SMD plasma source was quite stable, a gra-
dient of brightness of the discharge was visible with the brightest part being in the
center of the plasma source and less bright at the corners. Hence, scaling of the dis-
charge area would be limited. Furthermore, quartz glass as dielectric was stable in
terms of burn through, which was a regular phenomenon for the PTFE sheets, but as
material quartz glass is quite brittle and fragile, thus no versatile geometry could be
achieved. In addition, erosion of the surrounding box material still occurred, as well
as at the soldering points. A regular cleaning and renewing of the soldering points
was necessary to achieve consistent results. As a consequence, novel dielectric ma-
terial and electrode approaches were tested in the following experimental series.
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2.3.2 Plasma Source II: Flexible Sputter-coated Air DBD

These tests resulted in a flexible SMD plasma source with electrode material directly
sputtered onto the dielectric material. The growth of these thin metal films was done
using ion-beam sputter deposition on an in-house constructed system [78].

After probing different electrode materials and thicknesses (see chapter [5), palla-
dium with a thickness of 110 nm for both electrodes showed best results in discharge
stability. Here, the driven electrode had a square geometry, while the grounded elec-
trode, where the plasma is generated, had a spiral geometry, to provide maximum
edge area and hence - as described in section - maximal reactive plasma out-
come. Pictures, taken of the electrodes, can be seen in figure and@ As dielectric,
polyethylene naphthalate-foil (PEN) with a thickness of 250 pm was used. The elec-
trodes were contacted via screw joint, using plastic screws (see figure2.6). Discharge
parameter during experiments varied between 5.5 and 8.5 kV,, and between 3 and 5
kHz. The material PEN was chosen, because of its promising characteristics. With a
dielectric strength of 116 kV/mm, an electrical continuous use temperature of 180 °C
and an excellent chemical resistance [79}80], combined with a suitable dielectric con-
stant, and with its flexible characteristics, PEN foil fulfilled multiple requirements to
act as dielectric in a cold atmospheric plasma source. Moreover, the material tests in
the first experimental series (chapter [4) showed a general tendency for polymers to
be less affected by the plasma afterglow than the other test materials, hence the use
of a polymer with appropriate characteristics was the next logical step in building
a new plasma source. As this plasma source concept was only built as a prototype,
cases had to be built to be able to conduct experiments. As a consequence, one case
for plasma diagnostical measurements and one for bacterial experiments was built
by 3D printing, using acrylonitrile styrene acrylate (ASA) as printing material. A
sketch of those two experimental setups is shown in figure

Apart from biological experiments as described in section 2.2} different experiments
to analyze the plasma-treated surfaces, the plasma gas composition and afterglow
properties were conducted, which will be described in the following section.

2.4 Analytical techniques for experiment evaluation

To evaluate the experimental outcome, different evaluation methods, adapted to the
experimental requirements were needed. Here, a differentiation between the char-
acterization of plasma and the analysis of treated surfaces was necessary.
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FIGURE 2.6: Picture of
the driven electrode
of the sputter-coated
DBD prototype. Note,
that the connections

FIGURE 2.7: Picture of
the plasma light at the
grounded  electrode
of the sputter-coated

DBD prototype. A
homogeneous plasma
discharge is visible.

44)
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plastic screws.
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FIGURE 2.8: Experimental setups for plasma diagnostical and bacte-
rial experiments. Adapted from
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2.4.1 Surface modification analysis

A central aspect of the experiments, presented in the publication in chapter i} was
the evaluation of surface modifications, caused by the cold atmospheric plasma
treatment. But also in the second publication (Chapter[5), an analysis of the plasma
source prototype’s surface was executed to evaluate the dielectric material’s charac-
teristics and possible changes of the dielectric after plasma ignition.

Laser Microscopy

To provide a topographic scan of the materials” surfaces (be it of plasma-treated ma-
terials or the surface of the dielectric material) and to specify the surfaces’ roughness
before and after plasma treatment, laser microscopy with a wavelength of 408 nm,
and 20x- and 50x-fold magnification was used. Here, the Keyence VK-9710 micro-
scope and the Keyence VK Analyzer were used to evaluate the results.

For analysis, three samples of each material (plasma-treated and untreated), and ac-
cordingly three points of each sputter-coated plasma source were scanned and com-
pared.

Further surface analysis, as described in the followig paragraphs, was only con-
ducted for the material analysis of long-term plasma-treated materials (Chapter [4),
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FIGURE 2.9: Contact Angle Measurement of liquid-solid interface.

while for the sputter-coated plasma source prototype the focus was set on the char-
acterization of the generated plasma.

Contact Angle Measurements

After laser microscopy analysis, plasma-treated materials were tested for a change
in their free surface energy, namely the polar and disperse fractions of the free sur-
face energy. Therefore, contact angle measurements with the sessile drop method
[81] with deionized water, ethanol, diiodomethane and ethylene glycol as reference
fluids were performed and evaluated, using the OWRK-model [82-84]. The free sur-
face energies of the reference fluids were taken from Strom et al [85] and Ohm et al
[86].

To follow the OWRK-model, a droplet of the reference fluids, which had a defined
volume, was extruded on the surface of the tested material sample. A picture of
this droplet was taken and the contact angles for the different reference fluids at
the liquid-solid interface were measured and compared. An example of this can be
found in figure Using the known polar and disperse fractions of free surface
energy of at least two reference fluids, the polar and disperse fractions and the free
surface energy of the samples can be calculated by comparing the contact angles.

X-ray Photoelectron Spectroscopy

As a third analysis method, X-ray photoelectron spectroscopy (XPS) was used to
identify possible surface material composition changes due to plasma treatment.
XP-spectroscopy is based on the principle, that photoelectrons are emitted from sur-
face molecules (surface layers of 1-5 nm) when they are treated with electromag-
netic radiation. Depending on the energy of the emitted photoelectrons, they can be
correlated to the atom and the orbital they belonged to [87] and hence, the spectra
provides information, whether or not chemical surface modifications caused by the
plasma treatment occured. Please note, that the settings used for the XPS analysis
are described in detail in the publication (chapter [4).

2.4.2 Plasma Source Analysis

In addition to the surface analysis methods described in the previous section, also
the gas of the plasma afterglow and the light emitted by the plasma were analyzed
to get a deeper understanding of the characteristics of the probed plasma sources.
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FIGURE 2.10: Spectrum of ozone concentration for different plasma

modes. A shows the development of ozone until it reaches a plateau-

value for pure ozone mode. In B, the increase and decrease of ozone

concentration in pure NOx mode is visible. Figure C shows transition

mode, where in the beginning a high ozone concentration is reached.

But instead of staying at a constant plateau-level, ozone concentration
starts to decrease slowly over time.

Ozone Concentration Measurements

Medical plasma treatment can roughly be divided into two categories. First, there is
the low-energy mode, the so-called "ozone mode", where interactions with radical
oxygen species are dominant in inactivating prokaryotic cells. The second mode is
the high-energy mode, or "nitrogen (NOx) mode". Here, mainly reactive nitrogen
species interact with the sample. Between the voltage and frequency parameters to
run the plasma source in a "pure" high- or low-energy mode, there is a transition
phase, where neither a pure ozone nor a pure NOx mode can be achieved (com-
pare figure 2.10). This transition from ozone to NOx mode is caused by quenching
reactions of ozone with nitrogen oxides, which are created at higher energy levels
by the reaction of vibrationally excited nitrogen molecules with oxygen atoms [88].
As a consequence, a decrease in the concentration of ozone and simultaneously the
increase of NOyx concentration can be observed.

To characterize plasma sources, and to determine experimental plasma input power
and input frequency, ozone concentration measurements provide information about
the ozone generation over time and hence the plasma setting parameters to run the
plasma source either in ozone mode or in NOx mode.

The physical principle this method is based on, is the absorption of light by gasses.
Here, the light of a reference light source (UV deuterium lamp) is absorbed partly
and characteristically by different gas molecules. An example of this phenomenon
is Earth’s atmosphere, where parts of the sun’s light spectrum are absorbed. In med-
ical plasma experiments, the absorption of light with a wavelength of 254 nm - as
a marker for ozone concentration - is observed. Using Beer-Lambert law with an
ozone absorption cross section of 1.1 x 10?! m? [89], the increase and decrease of

ozone concentration relative to the initial ozone concentration in air can be calcu-
lated.

Plasma Diagnostics

Further analysis to characterize the two plasma sources were done by using plasma
diagnostical approaches.

Plasma power and hence power density for both experimental setups were mea-
sured by evaluating the Lissajous curve of the plasma setup. Here, plasma voltage
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and charge were measured, using an additional measurement capacitor (see figure
2.11). Afterwards, plasma power was estimated by integrating over the Lissajous

curve (see figure [2.12)) [90].

Lissajous Curve
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FIGURE 2.11: Setup
to measure power den- FIGURE 2.12: Lissajous
sity. curve for the three pro-
totypes.

Furthermore, for NOx mode of the sputter-coated plasma source (chapter ), elec-
tron temperature, electron density and vibrational temperature of the plasma could
be determined using the line ratio of nitrogen first negative and second positive sys-
tem according to Fatima et al [91]. For ozone mode, in the measured spectrum the
peak of nitrogen first negative and second positive system was not distinguishable
from the background measurement, because nitrogen excitation is suppressed and
power density and temperature are too low to generate a significant signal in ozone

mode. As a consequence, these plasma parameter could not be calculated for ozone
mode.
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Review of Published Articles

3.1 Surface modifications caused by cold atmospheric plas-
ma sterilization treatment (Publication I)

Despite its low thermal temperature, plasma transfers high energy to the treated sur-
face, and surface activation or etching mechanisms of different materials were found
after plasma treatment by different researchers [35-42]. These results were obtained
directly after short CAP treatments of 30 s to 90 minutes of the respective mate-
rial. Still, a long-term study to investigate plasma-surface interaction with multiple
plasma treatments and with a comparison of surface effects on different material cat-
egories was missing. Moreover, different research groups found the effects of surface
modifications weakening over time due to recovery processes [40-42]. Hence, in the
first experimental series, different materials, namely borosilicate glass, stainless steel
AISI 321, and three different polymers (polypropylene (PP), rigid polyvinyl chloride
(UPVC) and fluorinated ethylene propylene (FEP)) were plasma-treated with a SMD
plasma source (compare section[2.3.1]and figure in intervals of 30 minutes with
at least 10 minutes breaks in between for 16 hours, to simulate a regular, long-term
cleaning by plasma deactivation of these materials. Plasma parameters were set to
reach ozone mode, with a power density of 130%. Ozone measurements revealed,
that the first 5 minutes were necessary for the plasma afterglow to propagate in
the volume of the plasma chamber, whereas from minute 5 on, a stable ozone con-
centration was reached. Afterwards, the effect of plasma afterglow species on the
materials’ surfaces was investigated, using different analysis methods, namely laser
microscopy, contact angle measurements and x-ray photo-electron spectroscopy. To
eliminate unreliable results due to recovery processes as mentioned above, the sur-
face analysis experiments were done at least 4 weeks after long-term plasma treat-
ment.

Simultaneously, bacteria deactivation capability of the used plasma source was pro-
ven using B. atrophaeus endospores and treatment times of 5 to 15 minutes. Experi-
ments were performed at least thrice to achieve reliable results. These results were
corresponding to the measurements of ozone concentration, and bactericidal effects
were found to be strong from the fifth minute until the fifteenth, and rather weak
during the first 5 minutes. Results showed an averaged log;o reduction of the spore
count between 4.3 and 6.2 within 15 minutes for the different materials, with a detec-
tion limit between 6.2 and 6.8, depending on the material. The area on the material
sample, filled with the bacteria suspension droplet, and as a consequence an in-
creased risk of stacking and shielding mechanisms were assumed to be the strongest
limiting factor of bacteria inactivation.

During surface analysis, different kinds and degrees of surface modifications were
found to occur. Here, oxidation and slight etching processes, as well as a change of
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the material’s free surface energy and, as a consequence, changes of the polar and
disperse fractions of the surface energy were found. The greatest effects were visi-
ble on stainless steel, whereas borosilicate glass and the different polymers showed
only slight modifications. Especially FEP has to be emphasized, as after long-term
plasma treatment, only modifications within the error range occurred.

To summarize the results found during the first experimental series, different surface
modifications were found to be caused by long-term plasma treatment of 16 hours
in total, with its effects measurable even 4 weeks after treatment. At the same time,
most of the long-term effects that could be found were nondestructive, and hence
for normal disinfection treatment of surfaces negligible - for some applications the
change in wettability could even be favorable [28]- but nevertheless the influence
of plasma treatment on different materials has to be taken into consideration when
choosing the appropriate cleaning technique. As a consequence, plasma treatment
was found to be less favorable for the cleaning of metals and other materials prone
to oxidation but showed at the same time to be highly effective for bacteria deacti-
vation on glass and polymer surfaces. As a further finding of this first experimental
series, materials for plasma sources (electrode, dielectric and case material) have to
be chosen carefully, to generate safe, reliable and long-living plasma sources.

3.2 Characterization of sputter-coated polyethylene naph-
thalate-foil as novel flexible surface DBD plasma source
(Publication II)

Using the results of the surface modification study [43], the prototype of an air DBD
plasma source was built, combining the process of sputter-coating and the excellent
chemical characteristics and resistances of a thin polymer foil made of polyethylene
naphthalate (PEN). Here, PEN foil was used as a dielectric. Due to its thickness of
only 250 um, even with electrode material sputtered on both sides, a flexible DBD
setup could be achieved. While sputter-coating of dielectrics for plasma generation
was used before on inflexible dielectrics [92} 93], and DBD configurations were built
with flexible dielectrics [94-97] using metal tape as electrodes, thin films or printed
circuit board technology, sputter-coating of electrode material on a flexible dielectric
created a novel plasma source for medical applications.

Different electrode materials and electrode thicknesses were tested to prolong the
lifespan of the plasma source. Here, the increase of resistance of the electrode ma-
terial due to plasma generation was used as a marker for material changes and oxi-
dation due to plasma treatment (compare with results of publication I). Another cri-
terion was the minimal voltage needed to generate a homogeneous plasma ignition
and electrode temperature during plasma ignition. From four different electrode
materials, palladium (Pd) showed the best results and was hence used as electrode
material for further experiments. The comparison of different electrode thicknesses
(between 55 and 220 nm) showed the most stable and reliable homogeneous plasma
ignition for values of 110 nm for both electrodes. Grounded electrode geometry was
set to a spiral for maximal edge area and electrical connections were attached with
plastic screws (compare section and figure[2.7). As tested plasma parameters,
three different configurations were chosen. Firstly, low ozone mode was defined as
the lowest possible combination of input parameters (voltage and frequency) to gen-
erate a stable and homogeneous plasma ignition. Secondly, high ozone mode was
chosen, where the combination of input parameters led to a pure and highly con-
centrated ozone generation. Thirdly, NOx mode was set to the combination of input
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parameters, which led to a pure nitrogen mode and hence only low ozone concen-
trations.

Again, bacteria deactivation properties of the air DBD plasma source prototype were
proven for all three parameter configurations, this time by treatment of E. coli K12
MG1655 bacteria, and a characterization of the newly developed plasma source was
made.

As a result, a 5.3 logjp reduction of cell forming units could be found within 5 min-
utes for lower input powers (high ozone mode), and for higher input powers (NOx
mode) a logo reduction of 6.7 within 5 minutes could be achieved, while the de-
tection limit was set to 7.7. D-values were less than 1 minute for all three setups.
Power density was found to be 5-7 ’C’% for ozone modes and between 25 and 33 %
for NOx mode for the tested electrode thickness configurations of Pd. Erosion of
electrodes, soldering joints and case material, which was an issue during CAP treat-
ment with the SMD plasma chamber used during the first experimental series, was
not found for the flexible sputter-coated DBD samples, neither for the 3D printed
ASA material of the treatment box, but on the dielectric a border area along the
grounded spiral electrode was found to develop. Despite these promising results,
problems of burn through of the dielectric occurred for high input powers in NOx
mode. Life span of the NOx mode CAP prototype could be prolonged by 150%
to almost 150 minutes with cooling in between plasma treatments, but further im-
provements of this prototype are still necessary to reach longer total treatment times
for NOx mode. Additionally, active cooling with a fan during plasma treatment was
tested, but ozone concentration measurements revealed, that the produced plasma
changed from NOx mode to transition mode. This corresponds to previous findings,
where air flow through slits in the plasma source was found to destabilize plasma
discharge [98]. However, prototypes that run in low and high ozone mode did not
burn through during the whole experimental sequence and provided continuous
and reliable results. With a total treatment time until the end of the experiments of
249 minutes (=~ 4 hours) and a total number of 78 treatments, these two prototypes
provided promising results during bacterial experiments (and are still working reli-
ably) and hence, especially high ozone mode with an achieved bacteria logo reduc-
tion of 5.3 could play a major role in developing a complete setup.

Comparing the bactericidal and sporicidal results of the two experimental series, a
comparable logiy reduction is reached for both plasma sources. While log;o reduc-
tion was between 4.3 and 6.2 for ozone mode with the SMD setup in publication I, a
log1o reduction of 5.3 was reached for high ozone mode of the novel air DBD plasma
setup in publication II. While in publication I, logg reductions were achieved within
15 minutes of plasma treatment, the log;o reduction mentioned above was achieved
within 5 minutes of plasma treatment in publication II. One reason might be the
smaller plasma treatment box volume of the setup used in publication II, another
reason might be the difference in treated bacteria (Bacillus atrophaeus and Escherichia
coli). Nevertheless shows the direct comparison of the disinfection properties of the
two plasma sources the great potential of the tested prototype - with its input powers
one order of magnitude smaller as the SMD plasma source’s - and hence highlights
the promising characteristics of the newly developed sputter-coated flexible DBD
setup.
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Abstract

Inactivation of microorganisms on sensitive surfaces by cold atmospheric plasma is one major
application in the field of plasma medicine because it provides a simple and effective way to
sterilize heat-sensitive materials. Therefore, one has to know whether plasma treatment affects
the treated surfaces, and thus causes long-term surface modifications. In this contribution, the
effect of cold atmospheric Surface micro-discharge (SMD) plasma on different materials and its
sporicidal behavior was investigated.

Hence, different material samples (stainless steel, different polymers and glass) were
plasma-treated for 16 hours, simulating multiple plasma treatments using an SMD plasma
device. Afterwards, the material samples were analyzed using surface analysis methods such as
laser microscopy, contact angle measurements and x-ray photo-electron spectroscopy.
Furthermore, the device was used to investigate the behavior of Bacillus atrophaeus endospores
inoculated on material samples at different treatment times.

The interaction results for plasma-treated endospores show, that a log reduction of the spore
count between 4.3 and 6.2 can be achieved within 15 min of plasma treatment. Besides, the
surface analysis revealed, that there were three different types of reactions the probed materials
showed to plasma treatment, ranging from no changes to shifts of the materials’ free surface
energies and oxidation.

As a consequence, it should be taken into account that even though cold atmospheric plasma
treatment is a non-thermal method to inactivate microorganisms on heat-sensitive materials, it
still affects surface properties of the treated materials. Therefore, the focus of future work must
be a further classification of plasma-caused material modifications.

Keywords: cold atmospheric plasma, surface modification, plasma surface tratment, air dielectric
barrier discharge, surface micro-discharge plasma, spore inactivation
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1. Introduction

The increase in bacterial resistances causes thousands of
deaths every year due to a lack of quick and non-harming
sterilization methods. Cold atmospheric plasma (CAP) treat-
ment as a new approach to sterilize surfaces, particularly of
heat-sensitive materials or difficult geometries (e.g. [1-5]), is a
promising candidate to replace or support conventional clean-
ing methods.

Although in the last decade cold atmospheric plasma was
increasingly used to inactivate bacteria, spores and fungi on
different surface materials [6-8], e.g. hospital materials such
as samples of marmoleum, mattress, polypropylene, powder-
coated mild steel and stainless steel [9], or different poly-
mers [10-13], the long-term influence of plasma treatment
on these materials was rather neglected. Nevertheless, cold
atmospheric plasma is composed of different highly reactive
oxygen and nitrogen species (RONS) [14-18], e.g. O3, HyO»,
OH™, HNOj3 and N,Oy. Hence the reaction between plasma
species and surface material has to be well-understood to be
able to provide a safe and enduring surface cleaning method.

Recent studies observed etching effects during a dielec-
tric barrier discharge (DBD) treatment [19], and oxidation
effects of aluminum after 90 minutes treatment with surface
micro-discharge (SMD) plasma [20]. Bartis ef al [21] used 7
minute SMD treatment operated with N»/O, mixtures to study
functional groups of model polymers. Samples were analyzed
directly after plasma treatment, and they found NO; groups
attached to the surface. Surface analysis after treatment with
atmospheric pressure plasma jet (APPJ) with different nitro-
gen and oxygen admixtures revealed material changes due
to O3 and NO, [22, 23]. Knoll et al [10] investigated treat-
ment with APPJ plasma at different distances from the plasma
(direct contact vs. afterglow) and for the afterglow setup sur-
face modifications of polymers were analyzed. Furthermore,
the influence on polytetrafluorethylen (PTFE) and silicon was
investigated by Shimizu et al [20]. Nevertheless, due to differ-
ent setup geometries, plasma production methods, e.g. plasma
jets (used for example by Walsh et al, Reuter et al and Knoll
etal[10, 11, 24]), Floating-Electrode DBD (e.g. Fridman ef al
[25] or Kuzminova ef al [19]) or SMD (e.g. used by Morfill
et al, Klampfl et al and Shimizu et al [20, 26, 27], and differ-
ent carrier gases (e.g. argon, air and helium [3, 26, 28-31]), the
interaction between plasma and target, as well as the gas com-
position and hence the plasma chemistry are affected in dif-
ferent ways [16], and therefore the results are not comparable
[32]. Another point that should be taken into consideration is
that usually only the effect of short plasma treatments with a
time range of 30 s (Cabhill et al [9]) to 90 minutes is investig-
ated. Still, sterilization methods for clinical use are performed
regularly, often several times per day.

Hence, in this study different material types, regularly used
in hospitals, (stainless steel, polymers, glass) were treated
with the same plasma source to obtain comparable res-
ults. Moreover, treatment time was extended up to 16 hours
to investigate long-term effects and possible quality losses
of the materials due to atmospheric plasma treatment and
hence achieve clinical-relevant results. Subsequently, laser

microscopy, contact angle measurements and XPS quantific-
ation were used to investigate surface modifications. Reuter
et al [11] and Fauland et al [12] found an increase of hydro-
phility of polymers due to plasma treatment, but observed
recovery processes within the following 120 h [11] and with
increasing storage time [12], respectively. Homola et al [13]
observed changes of polymer’s surface energies due to plasma
treatments and increased hydrophility with a stability of 3—
5 days. To eliminate the measurement of short-term recov-
ery mechanisms of the materials after plasma treatment, sur-
face analysis was exccuted at least 4 weceks after the end of
the long-term plasma treatment. As plasma sctup, rather than
using plasma jet or DBD technology, where the target is in dir-
ect contact with the plasma and the produced gas components,
an SMD device was used as shown in figure 1(a). Thus, only
long-living reactive species of the afterglow, that are more
gentle to the material, could interact with the target [21, 26,
33, 34]. Additionally, the sporicidal propertics of the plasma
setup were verified probing Bacillus atrophaeus endospores
on material samples of each group, and a possible connection
between the extend of a material’s surface modification and its
sporicidal propertics during plasma treatment was tested.

2. Materials and methods

2.1 SMD plasma system

A sketch of the used experimental setup is shown in figure 1(a).
The SMD plasma system consists of a copper electrode driven
at high voltage, quartz glass as dielectric and a grounded alu-
minum grid as counter electrode. An image of the generated
plasma discharge is shown in figure 1(b), the discharge voltage
and discharge current is displayed in figure 1(c). Within a dis-
tance of about 26 mm samples were placed on a grounded
metal plate. In this experimental system, the plasma chamber
is closed during the treatments by a movable cover, which is
opened during the breaks to enable quick air exchange via nat-
ural convection in between plasma treatments.

Between grid and copper electrode, high voltage of 9 kV,,,
at 2 kHz was applied using a high voltage amplifier (model
10/40A, Trek Inc.) with a sinusoidal signal, provided by
the function generator (HM8150, Rohde & Schwarz). SMD
plasma is then produced on the surface of the grid electrode.
Power density (%) at the SMD surface was measured to be
0.13 CI% using Lissajour’s curve [35].

As material samples, stainless steel AISI 321 (S/S), rigid
polyvinyl chloride (UPVC), polypropylene (PP), fluorinated
ethylene propylene (FEP) (all GoodFellow) and borosilicate
glass (Marienfeld) were chosen, for they are standard materi-
als in the hygiene sector. Sporicidal efficacy of this SMD treat-
ment on the chosen material samples was evaluated by placing
the samples (cut to 10 mm x 10 mm; thickness of 0.914 mm
(S/S) and 1 mm, respectively; glass samples with a diameter
of 10 mm and thickness of 0.17 mm) inoculated with Bacil-
lus atrophaeus endospores (Simicon) on the grounded metal
plate of the plasma setup, and by treating them with afterglow
plasma for different time spans, ranging from 5 to 15 minutes.
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Figure 1. (a) SMD plasma setup and electric circuit. A copper electrode was connected to a voltage amplifier, quartz glass was used as
dielectric, and a grounded aluminum grid served as counter electrode. Samples were placed at a distance of about 26 mm from the generated
plasma on a grounded metal plate. (b) Image of plasma discharge and (c) discharge voltage and corresponding discharge current at 2 kHz

and 9 kVPP.

(a)

Figure 2. Material samples inoculated with master suspension of Bacillus atrophaeus endospores (left) and after overnight drying process

(right).

For evaluating surface modifications caused by plasma treat-
ment, the plasma chamber containing the samples was driven
at room temperature for 16 hours (equivalent to about 190 5-
minutes-treatments) with 10 minutes-breaks every 30 minutes.
During breaks, the cover was opened to obtain a quick gas
exchange with the surrounding air. During all treatments the
relative humidity of the ambient environment was about 60—
70%. Note, that S/S samples for surface analysis were mech-
anically polished first, to improve laser microscopy images.

Due to the distance between SMD plasma and sample,
the produced plasma species were not instantly filling the
whole plasma chamber. Ozone concentration, which was
found to be strongly related to bacteria reduction [3, 36], was
measured by absorption spectroscopy (HR4000CG-UV-NIR,
Ocean Optics) using collimators, UV optical fibers and light
from a UV deuterium lamp at a wavelength of 254 nm (D2000,
Mikropack) within the SMD chamber’s volume of 429 ¢cm? at
22 mm distance from the plasma grid, to simulate the height
of a sample in a petri dish. The light absorption was meas-
ured thrice for 30 minutes with 10 minutes of air exchange
between plasma chamber and ambient air in between the meas-
urements. The ozone concentration then was calculated using
the Beer—Lambert law with an ozone absorption cross section
of 1.1 - 10721 m? [37].

2.2. Microbiological samples

Preparation of spore samples, plasma treatment and recovery
of endospores were conducted analogously to the procedure in
previous work [3] as listed below:

(a) As master suspension, Bacillus atrophaeus endospores
in deionized water were used with a bacteria density of
approximately 108 ml~".

(b) 100 gl (50 pl for glass samples due to smaller geometry)
of this master suspension was subsequently spread on
the material samples as shown in figure 2(a) and dried
over night at the ambient air under the safety work-
bench (2(b)). Note that the shape of the dried drop dif-
fers between different materials, depending on their hydro-
philic properties.

(c) The following day, the samples were placed in the plasma
chamber as shown in figure 1(a).

(d) The samples were plasma-treated for 0 (reference
samples), 5, 10, and 15 minutes, respectively.

(e) After plasma treatment, the samples were added to 2 ml
of deionized water and vortexed for 1 min. This was fol-
lowed by a 2 min ultrasonic treatment and another vortex-
ing period of 1 min.
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(f) To evaluate the number of surviving endospores, a dilution
series was conducted. 100 pul of every degree of dilution
was spread on agar plates. For 15 minutes treatment the
2 ml of the recovered spore suspension was spread com-
pletely on four agar plates with 500 1 on each.

(g) The agar plates were then incubated for up to 48 hours at
32 °C.

(h) After incubation the number of colony forming units
(CFU) was counted to evaluate log reduction.

Experiments were performed at least thrice. After experi-
ments, the samples were cleaned with ethanol and autoclaved
for 15 minutes at 121 °C before reusing them.

For statistical analysis, diluted samples were only counted,
if they had more than 3 CFU. Non-diluted samples with no
CFU were counted as if one CFU in the 2 ml suspension was
found. In figure 3(b) (results), data points, where at least once
no CFU was found, are marked with a *.

For our experimental setup, the detection limit in log reduc-
tion of Bacillus atrophaeus endospores was between 6.2 and
6.8 for the different materials.

2.3. Surface analysis methods

The plasma-treated material samples (as described in the pre-
vious section) were tested for surface modifications using laser
microscopy, contact angle measurements and XPS quantific-
ation. For preventing false results due to material changes
caused by surface analysis methods, there was a set of mater-
ial samples for each analysis method. Recovering effects of
the materials, that may occur after plasma treatment, were
excluded by performing surface analysis at least 4 weeks after
plasma treatment. Reference samples, that were not plasma-
treated, were tested at the same time as treated samples.

Firstly, for laser microscopy scanning the VK-9710 (Key-
ence) microscope, using 408 nm wavelength and 50x-fold
magnification, provided a topographic scan of the surface,
which was then examined using VK Analyzer (Keyence)
to specify the roughness of the materials’ surfaces. Three
samples of each plasma-treated and non-treated material were
investigated.

Secondly, contact angle measurements were executed using
OCA 20 optical contact angle measuring and contour ana-
lysis system and SCA 20 and SCA 21 software (DataPhys-
ics Instruments GmbH). As reference fluids, deionized water,
ethanol, diiodomethane and ethylene glycol were used. The
Sessile drop method [38] and, resulting from this data, cal-
culation of the free surface energies of the sample materials
were performed, evaluating also the polar and disperse frac-
tions of the surface energy. The reference free surface energies
for ethanol were taken from Strom et al [39], the others from
Ohm et al [40] to calculate free surface energies of the material
samples using OWRK-model [41-43]. For every material two
plasma-treated samples and two reference samples were used
and the experiments were executed twice on every sample.

Lastly, XP-spectroscopy was performed using VersaProbe
IT microscope (Physical Electronics GmbH) and CasaXPS

software (Casa Software Ltd). The dual-beam charge neut-
ralizer was driven using electrons with approximately 2 eV
and argon ions (Art) with 10 eV. During measurements,
the surface potential was about 2 V due to higher electron
flux (whereas the S/S samples were grounded due to their
conductibility). Radiation source was a monochromatic Al-k
« radiator with an energy of 1,486 e¢V. The x-ray power was
about 90 W and the analysis area was 1.3 mm x 100 pm at
high power mode. Transmitting energy of the analyzer was at
93.9 ¢V with a step size of 0.8 ¢V and an integration time of
50 ms. With the XPS microscope, one plasma-treated sample
and one reference sample of every material were analyzed.

3. Results

In this paper, surface modifications caused by long-term SMD
plasma treatment on S/S, glass, PP, UPVC and FEP were
investigated in detail using laser microscopy, contact angle
measurements and XPS-quantification. Moreover, sporicidal
properties of the SMD plasma were verified, treating Bacil-
lus atrophaeus endospores inoculated on the probed materials,
and the ozone concentration in the plasma chamber was meas-
ured. As shown in figure 3(a), it takes approximately 5 min to
reach a steady state ozone concentration.

Figure 3(b) shows the reduction of Bacillus atrophaeus
endospores on different materials as a function of plasma
treatment time at room temperature with a relative humidity
of about 60-70%.

For S/S, a log reduction of 6.0 could be reached within
15 minutes of treatment time, for UPVC and glass log reduc-
tion was 6.2 and 5.6, respectively. For those materials spore
reduction reaches close to the detection limits, whereas for
FEP and PP a log reduction of 4.5 and 4.3, respectively, could
be achieved. During the first 5 minutes, only a small bacteria
reduction with a maximum of log 1 could be obtained. At a
time period between 5 and 10 minutes, the reduction function
became steep. Consequently, D-values were between 5 (S/S)
and 6 minutes (FEP), while the reduction from log 1 to log 2
took only between 1 (glass) and 2 minutes (UPVC). After 10
minutes, log reduction became slower.

The surface analysis of the material samples showed a wide
spectrum of modifications due to SMD treatment.

The surface roughness of treated materials stayed approx-
imately the same (table 1), only for S/S, significant changes
were observed, and a rusty-colored covering, also visible to the
naked eye, was found after plasma-treatment (figure 4). Nev-
ertheless, laser microscopy images of PP and UPVC showed a
change of appearance (figure 5) whereas there were no visible
changes for FEP samples (figure 6).

In accordance with the laser microscopy results, changes
of the contact angle between probed samples and refer-
ence liquids (deionized water, ethanol, diiodomethane and
ethylene glycol) for plasma-treated materials were detected
(e.g. figure 7(a)). Again, FEP showed no detectable difference
between plasma-treated and reference sample, in contrast to
all other materials. Note, that only for S/S the contact angle
got higher for the plasma-treated case, whereas glass, PP and
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(a) Ozone concentration, derived with Beer-
Lambert-Law, during 30 minutes of plasma
treatment averaged over three treatment
cycles with 10 minutes breaks with air
circulation by natural convection between
each cycle. The gray areas show the standard

S/S

PP
UPVC
FEP

logo(N/N,)

-6 | Detection Limit

Time [min]

(b) Log reduction of Bacillus atrophaeus
endospores at different treatment times. N is
the number of CFU after plasma treatment,
Ny the number of CFU for the reference
samples. Samples with no CFU were counted
as explained in Materials&Methods.

deviation.

Figure 3. Ozone concentration during plasma treatment time of 30 minutes and 10 minutes break afterwards (left) and log reduction curves
of Bacillus atrophaeus endospores on different materials (right).

(a) S/S macroscopic; left is reference sample, (b) Laser microscopic S/S image (plasma-
treated)

right is plasma-treated

Figure 4. After plasma-treatment, a brown, rusty cover appeared on the S/S samples. It was visible to the naked eye (a). More structures

could be found with laser microscopy images (b).

Table 1. Roughness value R, of different materials with and without plasma-treatment. Only S/S shows a significant change in surface

roughness.
plasma-treated reference
S/S 0.1114£0.084 pm 0.01640.002 pm
Glass — —
PP 0.05840.006 pem 0.0564+0.011 pm
UPVC 0.01840.003 pm 0.01440.003 pm
FEP 0.03740.006 pm 0.036+0.010 pm

UPVC became more hydrophilic (figure 7(a)). Using OWRK-
modell, the samples’ free surface energies with their disperse

an increase of disperse fraction of free surface energy for
plasma-treated case, while for glass, PP and UPVC the polar

and polar fractions were calculated (figure 7(b)). S/S showed fraction increased. Besides, glass samples showed a significant
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(a) PP plasma-treated

(b) PP reference

(¢) UPVC plasma-treated

(d) UPVC reference

Figure 5. Laser microscopy identified a modification of the samples’ surfaces. While the reference sample of PP (b) was rather flat and
even, the plasma-treated sample (a) had a lot of dints at its surface. In contrast, plasma-treated UPVC samples (c) had a very planar

morphology, while reference samples showed circular structures (d).

Table 2. Elemental composition of the material samples measured
with XPS quantification with (left) and without (right) plasma
treatment.

plasma-treated (atomic-%) reference (atomic-%)

(0] C N Fe (0] C N Fe

SIS 54.1% 32.0% 7.5% 3.6% 36.4% 562% 1.3% 1.6%
Glass 67.0% 6.6% 0.8% 54.5% 15.5% 0.0%
PP 10.8% 88.6% 0.6% 85% 90.2% 0.0%
UPVC 10.7% 68.3% 0.7% 6.9% 78.1% 0.0%
FEP 1.6% 37.9% 0.0% 12% 36.6% 0.0%

increase of total free surface energy with a high increase of its
polar fraction. In contrast, no significant changes between the
plasma-treated and reference sample for FEP could be detec-
ted, yet there was a slight increase in the polar fraction and a
slight decrease in the disperse fraction.

Finally, XPS analysis measured a quantified value for
the surfaces’ elemental composition. The results for plasma-
treated FEP samples were again very similar to those of the
reference samples (table 2). There was no nitrogen found and
only small amounts of oxygen.

However, glass, PP and UPVC showed an increase of oxy-
gen and nitrogen species on the surface. Although there was
no nitrogen found for reference samples, there was roughly
0.5-1% found for plasma-treated samples.

Again, S/S showed the greatest change of elemental com-
position with an augmentation of the atomic concentration of
oxygen, nitrogen and ferric on the surface. Note that oxygen
and ferric concentration almost doubled while nitrogen con-
centration more than quintupled.

4. Discussion

After a long-term treatment of 16 h with atmospheric SMD
plasma, three different material reactions can be found. As a
first group, there is FEP, where no significant surface changes
are found. Although there were minor changes in contact angle
measurements and therefore in FEP’s free surface energy, the
measured values were so close to each other, that they laid
within the error range. Hence, these changes are negligible.
In the second group, slight changes in surface appearance and
atomic concentration, accompanied with higher polar fractions
of free surface energy were found. These effects were found
for glass, as well as the polymers PP and UPVC.

As third group, there is S/S with significantly changed ele-
mental composition, free surface energy properties and surface
appearance.

Ozone concentration measurements revealed, that ozone
is one of the main plasma products produced during the
experiments, since its concentration reaches a steady-state
range after 5 minutes of treatment time. The plasma settings
therefore generate an SMD plasma in the so-called “ozone
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Figure 6. FEP samples showed no modifications beetween plasma-treated (a) and reference sample (b) under laser microscopy.

Contact angle measurements with water

110 +
100 + ;
_ ¢
2., 90 - -
2 o
g 80 i
5 70F ¢ L
]
€ 60t %
3
50
®  plasma-treated
40 L § o reference
30 1 1 1 1 1
SIS Glass PP UPVC FEP

(a)

50

18,68

18,11

Free Surface Energy [mV/m]

Glass
Glass ref

(b)

Figure 7. Results of contact angle measurements of different materials with deionized water (a) and calculated polar and disperse fractions

of free surface energies of the materials (b), respectively.

mode” [14, 44, 45]. Yet, nitrogen as major element in air
also participates in plasma-surface interactions, as the XPS-
measurements revealed. Hence, two different mechanisms
explain the appearance of the rusty crust found on S/S samples,
identified as ferrous oxide: firstly, nitrogen and oxygen interact
as follows, producing nitric acid. Nitric acid oxidizes ferrous
iron to ferrous oxide, with nitrogen dioxide and water as side
products. Ferrous oxide and nitrogen dioxide react again with
iron(IIT) oxide and nitrogen oxide as products:

N, + 0, — 2NO
4NO +30, + 2H,0 — 4HNO;
2HNO; +Fe — 2NO, + H,0 + FeO

2FeO + NO; — Fe, 03 + NO.

A second mechanism describes the reaction of ferrous iron
and ozone:

2Fe + O3 + 3H,0 — 2Fe(OH),
ZFG(OH)3 — Fe;03 + 3Hy0o.

Note that in both reaction mechanisms water, which was
accessible during the plasma treatment due to air humidity,

served as a catalyst. The importance of high air humidity was
also shown in [3]. The production of iron(Ill)oxide supports
the findings of Shimizu ef al [20], where aluminum was found
to oxidize after exposure to CAP. The slight changes in surface
appearance of PP and UPVC can be explained with etching
mechanisms as they were found in [19], yet they were minor
because of the weaker surface interaction of afterglow, that
was used in this setup [34]. The increase in hydrophility for
most materials is supported by the findings of Reuter et al [11]
and Fauland er al [12], yet the changed hydrophility is still
clearly detectable after 4 weeks between the last plasma treat-
ment, while they observed decreases of hydrophility within
120 h [11]. Also the increase in free surface energy, that was
found during the experiments of Homola ef al [13] was very
small for most samples. Only the fraction of polar and dispers
free surface energies changed significantly.

Sporicidal experiments showed no parallels to the found
surface modification groups because sporicidal effects were
strongest for glass and S/S, followed by UPVC, and weak-
est for FEP and PP. Therefore, it is more likely, that differ-
ences in sporicidal effects are due to their different hydro-
phobic behavior and layering. If one compares the material’s
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contact angles with water (figure 7) and the images of sample
preparation (figure 2(b)), it becomes obvious that the size of
the area containing dried master solution in the experiments
was smaller for PP and FEP because of their hydrophobic
propertics, whereas UPVC, glass and S/S were more hydro-
philic, thus the same number of endospores were spread over
a larger surface. As a consequence, layering phenomena, that
shield the probed endospores partly, are more likely to influ-
ence the results for FEP and PP samples. In [3, 46], the link
between layering mechanism and reduced bactericidal proper-
ties was also described.

5. Conclusion

After 16 hours of atmospheric SMD plasma treatment, three
reaction groups of the different materials, S/S, UPVC, PP, FEP
and glass, were found.

While the surface of FEP samples showed no reaction to
plasma treatment, the other material’s surfaces changed. These
changes were found in XP spectroscopy (attachment of oxy-
gen and nitrogen), contact angle measurements and free sur-
face energies (change in hydrophobia, change of polar and
disperse fractions of free surface energy), as well as in laser
microscopy (slight changes of surface appearance for UPVC
and PP and a higher surface roughness and a rusty crust for
S/S). Especially for S/S, the ferrous iron in the alloy was found
to react with reactive nitrogen and oxygen species and com-
bine to iron(IIl) oxide. Consequently, the use of CAP in med-
ical applications has to be considered carefully. The choice of
material influences the plasma-surface reaction crucially, and
advantages, e.g. low-temperature and difficult-geometry ster-
ilization, and disadvantages, such as etching mechanisms of
the surface and chemical reactions of treated materials with the
surrounding air, even for rather weak afterglow plasma treat-
ments, have to be taken into consideration. In future research,
the change of surface properties due to long-term CAP treat-
ment for more materials has to be done, especially for more
polymers and different stainless steel alloys. Moreover, in
future research more plasma parameters have to be investig-
ated to find the optimal settings for a surface-preserving CAP
treatment.

Sporicidal properties on the other hand were found to be
only dependent on the materials’ hydrophobic properties, and
hence layering phenomena, but no correlation between the
surfaces’ sensitivity to CAP treatment and sporicidal effects
was found. Nevertheless, the number of endospores on the
sample’s area, that is needed to prove sterilization properties,
does not correlate with realistic cases, because rinsing and
other cleaning methods reduce the number of microorganisms
before sterilization treatment, and microorganisms are usually
spread over a larger surface. In future work the aim will be
to use a larger surface area with multiple droplets with lower
concentrations spread over it to achieve higher spore surface
density exposed to plasma.

The aim of this study was the identification of possible
surface modifications of different materials due to long-term
sporicidal cold atmospheric plasma treatment. Changes in

appearance, free surface energy and surface elemental com-
position were found after 16 hours of plasma treatment for
most materials, while bactericidal effects of the experimental
setup were proven.
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Chapter 6

Conclusion and Perspective

The aim of this thesis was the construction and characterization of a cold atmo-
spheric plasma source for clinical application. During several experiments, the long-
term influence of cold atmospheric plasma afterglow treatment on different ma-
terials, and hence their suitability for plasma decontamination and as material for
plasma source setups was tested. Afterwards, a novel CAP source was constructed
and its construction parts were tested for their eligibility in the context of plasma
medicine. Here, PEN foil was tested as novel dielectric in ozone and nitrogen mode,
because of its promising dielectric strength and excellent chemical resistance. In
addition, the functionality of flexible electrodes, produced by sputter-coating was
verified, and different electrode materials were tested for their plasma resistance.
Besides, bactericidal and sporicidal effects of cold atmospheric plasma treatment
with the studied and the newly developed plasma source were shown to validate
the use of these devices for decontamination in a clinical environment.

Surface modification studies, focusing for the first time on the long-term effects of
cold plasma afterglow treatment, showed a general change of wettability, change of
polar and disperse fractions of free surface energy, attachment of oxygen and nitro-
gen species to the surfaces and changes of surface morphology. While stainless steel
in particular showed strong surface modifications caused by surface oxidation, the
polymer and glass samples showed significantly lower modifications. One polymer-
sample, FEP, showed almost no surface modification at all.

During sporicidal experiments, a logjo reduction in spore count of 4.3-6.2 within
15 minutes could be achieved, depending on the material. Differences in reduction
effectiveness seemed to be caused by the hydrophobic properties of the material,
and hence stacking and shielding mechanisms, rather than by plasma-caused sur-
face modifications of the materials. Plasma parameters were set to an ozone mode
configuration and a power density of 130 % was achieved.

This leads to the assumption, that a regular decontamination with CAP is appro-
priate for different materials, especially glasses and polymers, while metals seem to
be more prone to modifications caused by CAP treatment. Given that standard de-
contamination treatments influence the decontaminated surface material as well [27,
28, 99-102]], CAP treatment might be an alternative decontamination treatment for
materials, where standard decontamination methods are limited, e.g. due to heat-
sensitive characteristics of the material. Additionally, the changes of composition of
the surface free energy could be seen as a beneficial side effect of plasma treatment
for specific applications. Furthermore, given the fact that polymer is only the generic
term of a wide range of materials, the research of plasma-polymer interaction opens
up new possibilities for CAP source assembling.

As a consequence, in a second experimental series, PEN - a polymer with excellent
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chemical resistance and a high dielectric strength - was tested as dielectric. More-
over, ion-beam sputtering was tested as production mechanism of flexible CAP-
sources, by sputter-coating the electrode material directly onto the dielectric, and
different electrode materials and electrode thicknesses were tested for their suit-
ability as plasma source electrode. Thereby, a flexible CAP-source prototype was
built and characterized. For characterization, plasma diagnostic parameters in NOx
mode were calculated, and plasma power density, grounded electrode tempera-
ture and plasma treatment temperature were evaluated. During characterization,
ozone production was monitored, to evaluate plasma parameter for ozone and NOx
mode. Moreover, the bactericidal efficacy of the newly developed plasma source
was proven and classified for NOx, high ozone and low ozone mode. Here, the
differentiation between high and low ozone mode was taken, to define the bacteri-
cidal efficacy for the lowest possible input power where a homogeneous and stable
plasma ignition could be generated, and for the highest possible plasma parame-
ters in pure ozone mode, just before transition mode. For NOx mode plasma pa-
rameters were found, where the measured ozone curve overcame transition mode.
Thus, a range of plasma parameters could be found, where plasma operation in pure
ozone mode, as well as in pure NOx mode, was possible for the newly developed
plasma source. During experiments, bactericidal efficacy showed to be highest for
NOx mode, with a logjg reduction of 6.7 within 5 minutes, but at the same time
NOx mode showed a shorter life span of the CAP source prototype, as it burned
through after 50 plasma operations (corresponding to ~ 150 minutes). High and
low ozone mode CAP source prototypes were, at the end of the experimental tests,
still working reliably, with a total treatment time of thus far 249 minutes, corre-
sponding to 78 plasma operations. While electrodes and electrical connections of the
CAP source used during the first experimental series (see chapter[d) eroded and had
to be cleaned and renewed regularly, the novel flexible CAP source with sputter-
coated electrodes showed no erosion in ozone mode during the experiments and
shows, as a consequence, a clear improvement to the SMD plasma source used be-
fore. High ozone mode showed high bactericidal efficacy as well, with an achieved
bacterial logo reduction of 5.3 within 5 minutes for bacteria solution concentrations
of 10%/ml. Here again, stacking and shielding mechanisms seemed to be a limit-
ing factor in log reduction. Nevertheless, D-values were less than one minute for
all tested plasma modes. Compared to the results of the first experimental series,
decontamination efficacy of both plasma sources showed to be similar. At the same
time, power densities of the novel plasma source both for ozone and NOx modes
were with values between 5 and 33 ’Z%’ at least one order of magnitude smaller and
hence, the novel plasma source showed an improvement in effectiveness, compared
with the SMD plasma source.

To summarize the results, repetitive plasma treatment of different materials, over
a long period of time, indicated CAP treatment as a successful and non-destructive
cleaning-method for a wide range of materials, where material modifications stayed
on an acceptable level. PEN, as newly characterized dielectric for DBD plasma
sources, showed promising results to realize flexible, geometry-adaptable and save
decontamination. As stacking during bacteria sample preparation was found to be
a limiting factor of bacteria decontamination, cold atmospheric plasma could play
a major role in enhancing log reduction of conventional sterilization methods by
adding a plasma treatment after the conventional sterilization.

Yet, experiments to determine the plasma source’s life span in ozone mode, and to
extend the plasma source’s life span in NOx mode have to be conducted, e.g. by
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embedding the DBD device into a cooling chamber or probing electrode thicknesses
between 110 and 220 nm for their durability. Moreover, more dielectric and electrode
materials should be tested for their suitability as flexible DBD source.

Combining the results, cold atmospheric plasma decontamination should be used, at
least in addition to conventional sterilization methods, to improve pathogen reduc-
tion and obtain higher log reductions for the decontamination and sterilization of
materials - especially heat sensitive or geometry complex - where traditional meth-
ods fall short, or are difficult and expensive to realize, as for space application.
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