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| Outline of the Thesis

This thesis focuses on the application of non-thermal physical plasmas in the biomedi-
cal research area related to inactivation of micro-organisms which is also referred to as
plasma-based bio-decontamination. The investigations are mainly restricted to the inacti-
vation of biological systems on abiotic polymeric surfaces by using an atmospheric pres-
sure plasma jet operated with argon gas or argon gas with different admixtures of molecu-
lar oxygen. Additionally to the capability of the applied plasma jet in killing microbes the
efficacy of this plasma jet for the removal of complex biological systems, in particular
biofilms is shown. To model cell constituents of bacteria different synthetic polymers were
chosen to gain insight into the decomposition process responsible for biofilm degradation.
By investigating the impact of atmospheric pressure plasma on physico-chemical surface
properties of various synthetic aliphatic and aromatic polymers the interaction mecha-
nisms between plasma and plasma-exposed material are discussed. These studies are
accompanied by applying different optical plasma diagnostic techniques to obtain informa-
tion on the plasma gas phase which contribute to the elucidation of the reaction mecha-
nisms occurring during plasma exposure. Moreover, it is presented to which extent the
plasma treatment influences the surface properties of polymers during the plasma-based
bio-decontamination process and further, the beneficial functionalization of plasma-treated
polymeric surfaces for biomedical application is discussed.

The thesis is organized as follows:

The first chapter will give a brief introduction into physical plasmas and introduce the dif-
ferent types of non-thermal plasmas and finally, presents the atmospheric pressure
plasma jet applied in this work.

The application of non-thermal plasmas in biomedical research fields are introduced in
chapter two. The basic theory of plasma-based bio-decontamination will be discussed
including the inactivation of micro-organisms as well as the elimination of microbes and
biomolecules. This chapter is accompanied by the depiction of fundamental processes of
plasma polymer interactions and outlined the resulting changes in the physico-chemical
properties of the plasma-exposed polymer surface.

Chapter three comprises the potential application of plasma-based functionalization
processes for biomedical purposes. The main interest is focusing on the use of polymers
for biomaterials and which functional requirements have to be fulfilled for this specific ap-
plication.

In chapter four a short outlook in the state-of-the-art application of atmospheric pressure
plasma for bio-decontamination of living surfaces like human tissue is given.

The last chapter comprises the original publications on which the thesis is based on.
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Il Zusammenfassung/Summary

In der Medizintechnik gehért die biologische Dekontamination bzw. Sterilisation zu den
wesentlichen Verfahrensschritten sowohl bei der Herstellung als auch bei der Aufberei-
tung von Medizinprodukten. Da immer mehr polymerbasierte medizintechnische Produkte
verwendet werden, stolden verfliigbare Verfahren an ihre Grenzen. Konventionelle Sterili-
sations- und Desinfektionsverfahren auf der Basis hoher Temperaturen, toxischer Gase
oder ionisierender Strahlung kénnen sich nachteilig auf Polymere auswirken und damit die
Funktionalitat der behandelten Produkte gefahrden. Aus diesem Grund sind alternative,
materialschonende und effiziente Dekontaminationsverfahren erforderlich. Ein mdglicher
Weg ist der Einsatz von nichtthermischen physikalischen Plasmen. Durch den Verzicht
auf Vakuumtechnik und die daraus resultierenden Vorteile fiir die praktische Einsatzfahig-
keit ist die Atmospharendruck-Plasmatechnik von besonderem Interesse. Die vielseitigen
Wirkmechanismen von Plasmen ermdglichen eine effiziente Abtétung bzw. Inaktivierung
von Mikroorganismen, die nach aktuellem Kenntnisstand auf dem Zusammenwirken von
plasmagenerierten reaktiven Sauerstoff- und Stickstoffspezies (ROS, RNS) sowie der
vom Plasma emittierten (V)UV-Strahlung basiert. Sogenannte kalte Plasmen eignen sich
aufgrund moderater Gastemperaturen (ungefahr bei Raumtemperatur) vor allem fir die
Behandlung von hitzeempfindlichen Materialien, wie z.B. Polymeren, ohne deren Volu-
meneigenschaften zu beeintrachtigen.

Inhalt der vorliegenden Arbeit ist die Untersuchung von Plasmaverfahren zur mikrobio-
logischen Dekontamination von Polymeren bei Atmosphé&rendruck. Dabei sollen vor allem
Erkenntnisse zum Einfluss variierter Plasma-Prozessparameter auf die inaktivierende
Wirkung auf Mikroorganismen einerseits und die Beeinflussung der Materialeigenschaften
andererseits gewonnen werden. Als Gegenstand der Untersuchungen dient ein hochfre-
quenzangeregter Atmospharendruck-Plasmajet (aus der Reihe ,kINPen®) mit Argon (Ar)
und Argon-Sauerstoff-Gemischen (Ar/O,) als Arbeitsgas.

Drei wesentliche Aspekte wurden analysiert:

1. Die Wirkung des Plasmas auf die Vitalitdt von Mikroorganismen in Abhangigkeit
von Arbeitsgas, Behandlungszeit und Probenabstand (Abstand zwischen der Jet-
dise und dem Substrat).

2. Der plasmabasierte Abtrag von mikrobiellen Biofilmen.

3. Die Auswirkungen der Plasmabehandlung auf die Oberfldcheneigenschaften aus-
gewahlter Polymere.

Fir die Studien zur Wirksamkeit von Ar- und Ar/O,-Plasma auf die Inaktivierung von
Mikroorganismen wurden Bacillus-atrophaeus-Sporen verwendet, da diese wegen ihrer
widerstandsfahigen Zellschichten besonders resistent gegentiber herkdmmlichen Sterili-
sationsverfahren sind und daher auch als Bioindikatoren zur Sterilisationskontrolle ver-
wendet werden. Polymerstreifen (Polyethylen und Polystyrol) wurden mit einer Sporen-
suspension punktuell kontaminiert, getrocknet und anschlieBend mit Plasma behandelt.
Es konnte gezeigt werden, dass fir eine effiziente Reduktion der Kontamination das Pro-
zessgas einen entscheidenden Einfluss hat. So wurde durch die Zumischung von moleku-

11



larem Sauerstoff die sporeninaktivierende Wirkung des Plasmas im Vergleich zu reinem
Ar als Arbeitsgas deutlich erhoht. Auf Grund der Sauerstoffzumischung von 1 Vol.-% wur-
de eine Reduktion der Anzahl koloniebildender Einheiten um 4 Log4o-Stufen nach 300 s
Plasmabehandlung erreicht. Zusatzlich hat sich gezeigt, dass ebenso der Probenabstand
einen erheblichen Einfluss auf die Inaktivierung von Sporen hat, so dass mit zunehmen-
dem Abstand die mikrobizide Wirkung des Plasmas reduziert ist.

Da die mikrobielle Wirkung den im Plasma generierten ROS/RNS sowie der (V)UV-
Strahlung zugeschrieben werden, wurde zur Identifizierung angeregter Plasmaspezies die
optische Emissionsspektroskopie (OES) verwendet, mit deren Hilfe eine Korrelation zwi-
schen der mikrobiziden Effizienz in Abhangigkeit von Prozessgas und Arbeitsabstand
gezeigt wurde. In der vorliegenden Arbeit erklart sich die antimikrobielle Wirkung von sau-
erstoffhaltigen Plasmen durch die Bildung von ROS. Wa&hrend das Emissionsspektrum
von reinem Ar-Plasma hauptsachlich durch Emissionslinien von Hydroxylradikalen (bei
A =308 nm), von dem zweiten positiven System von Stickstoff (bei A = 337 nm) und von
Argon (im Bereich zwischen A = 700-900 nm) dominiert wurde, konnte im Spektrum vom
Ar/O,-Plasma eine hohe Intensitdt von Emissionslinien von atomarem Sauerstoff (bei
A =777 nm und A =844 nm) nachgewiesen werden. Die mit zunehmendem Probenab-
stand nachlassende letale Wirkung des Plasmas wird unter anderem auf das Abreagieren
von kurzlebigen reaktiven Spezies in der Umgebungsluft zurtickgefihrt. Mit zunehmen-
dem Abstand erreichen daher immer weniger reaktive Teilchen die Oberflache. Dies wur-
de in den OES-Spektren beider Arbeitsgase in einer Intensitdtsabnahme der Emissionsli-
nien der angeregten Plasmaspezies sichtbar.

Plasma bewirkt nicht nur eine Inaktivierung von Mikroorganismen sondern kann auch
zum Abtrag von biologischem Material fihren. In einem Modellversuch wurden 7 Tage
alte Biofilme von Candida albicans mit Ar- bzw. Ar/O,-Plasma behandelt. Der Nachweis
der Biofilmentfernung wurde mit Hilfe eines Lichtmikroskops dokumentiert. Ubereinstim-
mend mit den Inaktivierungsversuchen zeigte sich auch bei dem Abtrag des Biofilms eine
bessere Wirkung des Ar/O,-Plasmas im Vergleich zu reinem Ar-Plasma. Die vollstéandige
Entfernung des Biofilms wurde nach 300 s Ar/O,-Plasmabehandlung (mit einer Zumi-
schung von 1 Vol.-% O,) erreicht. Dies flhrte zur Schlussfolgerung, dass Sporeninaktivie-
rung und Biofilmabtrag auf weitgehend identische Wirkparameter zurlickzuflihren sind.

Zum Verstandnis der Wirkmechanismen des plasmabasierten Biofilmabtrags wurden
synthetische aliphatische und aromatische Polymere als Modelloberflachen untersucht, da
analog zu Polymeren Mikroorganismen bzw. Biofilme hauptséachlich aus aliphatischen und
aromatischen Kohlenwasserstoffverbindungen sowie diversen Anteilen von Sauerstoff-
und Stickstoffgruppen bestehen. Zum Einsatz kamen Polyethylen, Polymethylmethacrylat,
Polystyrol, Polypropylen, Polycarbonat, und Polyetheretherketon. Es wurde die abtragen-
de (atzende) Wirkung des Plasmas auf Polymeroberflachen untersucht, wobei die Be-
stimmung der Atzrate sowie die Aufklarung des Atzmechanismus im Mittelpunkt standen.
Die Atzrate wurde quantitativ durch Bestimmung des Masseverlustes und durch Messung
von Atzprofilen mittels der Profilometrie ermittelt. Dabei wurden firr die untersuchten Po-
lymere Atzraten von 50 bis 300 nm/s nach Ar/O,-Plasmabehandlung (1 Vol.-% O,) be-
rechnet. Die gemessenen Atzprofile zeigten, dass Ar-Plasma ohne direkte Sauerstoffzu-
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mischung zwar einen Materialabtrag bewirkt, dieser allerdings hauptsachlich auf3erhalb
der eigentlichen Plasmazone stattfindet, d.h. in dem Bereich, in dem eine intensive Zumi-
schung von Umgebungsluft erfolgt. Der atmospharische Sauerstoff kann durch das Ver-
wirbeln mit dem Plasma angeregt und dissoziiert werden, was zum Atzen der Polymer-
oberflache fihrt. Bei direkter Zumischung von molekularem Sauerstoff zum Ar-Plasma
wurde die Atzrate um ein Vielfaches erhéht, dartiber hinaus erfolgte das Atzen unmittelbar
in der Plasmazone. Fir Absolutmessungen der Sauerstoffdichte in reaktiven Plasmaent-
ladungen wurde in dieser Arbeit die Zwei-Photonen angeregte laserinduzierte Fluores-
zenzspektroskopie (TALIF) verwendet. Damit war es mdglich einen direkten Zusammen-
hang zwischen der Sauerstoffzumischung und der Intensitat des Materialabtrages herzu-
stellen. So konnte gezeigt werden, dass mit zunehmender Sauerstoffzumischung (von 0
bis 1.5 Vol.-%) die atomare Sauerstoffdichte steigt, jedoch mit zunehmendem Abstand
sinkt. Weiterhin wurde gezeigt, dass sich die abgetragene Masse proportional zu der
Sauerstoffdichte verhélt, d.h. es konnte eindeutig nachgewiesen werden, dass im Plasma
erzeugte Sauerstoffspezies fir den Atzprozess verantwortlich sind.

Somit konnte in der vorliegenden Arbeit unter Verwendung von reprasentativen Polyme-
ren, die sowohl strukturelle Analogien zu Bestandteilen von Mikroorganismen und Biofil-
men aufweisen als auch als Materialien in Medizinprodukten zur Anwendung kommen
nachgewiesen werden, dass erwiinschte antimikrobielle und biofilmabtragende Plasmaef-
fekte und eventuell unerwiinschte Atzwirkungen auf die plasmabehandelten Materialien
auf weitgehend identischen Wirkkomponenten und -mechanismen beruhen. Diese Er-
kenntnisse sind folglich bei der Steuerung plasmabasierter Sterilisations- und Dekontami-
nationsverfahren von Polymermaterialien zu bertcksichtigen.

Auch bei der Vermeidung von materialabtragenden Plasmaparametern ist wahrend der
Plasmaexposition das zu dekontaminierende Substrat unweigerlich dem Beschuss ener-
giereicher und reaktiver Plasmaspezies ausgesetzt, die mit der Substratoberflache wech-
selwirken kdnnen. Aus diesem Grund wurde der Einfluss der Plasmabehandlung auf cha-
rakteristische Oberflacheneigenschaften der Polymere untersucht. Insbesondere wurden
die Veranderungen in der Wasserbenetzbarkeit, der chemischen Oberflachenzusammen-
setzung und der Topografie, sowie deren Verdnderungen in Zusammenhang mit variablen
Prozessparametern analysiert. Detaillierte Erkenntnisse zur polymerspezifischen Wirkung
des Plasmas wurden durch die oberflachenanalytischen Untersuchungen zur chemischen
Zusammensetzung mittels Rdntgenphotoelektronenspektroskopie (XPS) gewonnen.
Durch die XPS-Analysen von unbehandelten und behandelten Polymeren konnte ein er-
héhtes Sauerstoff/Kohlenstoff-Verhaltnis und die Bildung sauerstoffhaltiger funktioneller
Gruppen auf der Oberflache wie beispielsweise C-O (Hydroxyl, Ether), O-C=0 (Sauren,
Ester) und C=0 (Aldehyde, Ketone) nach der Plasmabehandlung nachgewiesen werden.
Die Wasserkontaktwinkelmessungen bestatigten, dass diese polaren Gruppen eine
Hydrophilisierung der Oberflache bewirken. Bereits nach einer Sekunde Plasmabehand-
lung wurde die Benetzbarkeit von hydrophoben Polymeroberflachen verbessert. Analog
zu den Untersuchungen zur Inaktivierung von Mikroorganismen konnte gezeigt werden,
dass die Gaszusammensetzung und der Abstand des Plasmas zur Substratoberflache die
Plasma-Oberflachen-Wechselwirkungen beeinflussen. Beispielsweise wurde durch die
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Zumischung von Sauerstoff zum Ar-Plasma nochmals eine Verringerung des Wasserkon-
taktwinkels im Vergleich zur Wirkung reinen Ar-Plasmas bei einigen Polymeren erreicht.
Die Variation des Substratabstandes ergab, dass die beobachteten Effekte mit zuneh-
mendem Abstand abnehmen. Die erhobenen Daten zeigten insgesamt, dass auch diese
Oberflachenfunktionalisierungen im erheblichen MalRe auf die Wirkung von im Plasma
generierten ROS zurtickzuflihren sind. Bei langeren Behandlungszeiten (> 60 s) wurde
dariiber hinaus eine Anderung in der Topografie mittels Rasterkraftmikroskopie (AFM)
festgestellt und eine Zunahme der Rauheit in Abhangigkeit von der Plasmabehandlung
gemessen, was darauf hindeutet, dass es einen Ubergang zwischen plasmabasierter
Oberflachenfunktionalisierung und beginnenden Atzeffekten gibt.

Im Gegensatz zu meist eher unerwiinschtem makroskopischem Materialabtrag im Er-
gebnis der Sterilisation bzw. Dekontamination von Polymermaterialien durch Atmosphéa-
rendruckplasma kann die Erzeugung plasmachemischer Oberflachenfunktionalisierungen
zur Steuerung der Adhasion von Zellen oder Biomolekiilen auf Biomaterialien genutzt
werden. Untersuchungen zum Zellwachstum von humanen Osteoblasten (MG-63) auf den
plasmamodifizierten Oberflachen zeigten keinen negativen Einfluss auf die Biovertraglich-
keit. Weiterhin war im Vergleich zu der unbehandelten Oberflache eine verbesserte Zell-
ausbreitung nach der Plasmabehandlung zu sehen.

Letztendlich bewirkt die entsprechende Wahl der Plasma-Prozessparameter sowohl ei-
ne Inaktivierung bzw. einen Abtrag von Mikroorganismen als auch eine gezielte Verédnde-
rung der Oberflacheneigenschaften des Materials, die fiir die anschlieliende biomedizini-
sche Verwendung des Materials durchaus vorteilhaft sein kann.
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Summary

The biological decontamination and sterilization is a crucial processing step in produc-
ing and reprocessing of medical devices. Since polymer-based materials are increasingly
used for the production of medical devices, the application of conventional sterilization
processes are restricted to a certain extent. Conventional sterilization techniques on the
basis of high temperatures, toxic gases, or ionizing radiation can be detrimental to the
functionality and performance of polymeric materials. For this reason, alternative, gentle,
and efficient decontamination processes are required. One possible approach is the use
of non-thermal physical plasmas. Especially atmospheric pressure plasma is receiving
great interest due to the absence of vacuum systems which is highly attractive for the
practical applicability. Its mechanisms of action enable the efficient killing and inactivation
of micro-organisms which are attributed to the interaction of plasma-generated reactive
oxygen and nitrogen species (ROS, RNS) as well as plasma-emitted (V)UV radiation. Ow-
ing to the moderate gas temperatures (near or at room temperature) so-called “cold plas-
mas” are well-suitable for the treatment of heat-sensitive materials, such as polymers,
without affecting their bulk properties.

The present work focuses on the investigation of atmospheric pressure plasma proc-
esses for the biological decontamination of polymers. The objective is to help elucidate on
the one hand the impact of varied plasma process parameters on the inactivation of mi-
cro-organisms and on the other hand the influence of plasma on the surface properties of
the substrate. The investigations were performed by means of a high-frequency driven
plasma jet (from the product line “kINPen”) operated with argon (Ar) and argon-oxygen
(Ar/O) mixtures.

Three main aspects were analyzed:

1.  The effect of plasma on the viability of micro-organisms dependent on working gas,
treatment time, and the sample distance (distance between the jet nozzle and the
substrate).

2.  The plasma-based removal of microbial biofilms.

3. The effects of the plasma treatment on the surface properties of selected poly-
mers.

For the studies on the efficiency of Ar-plasma and Ar/O.-plasma on the inactivation of
micro-organisms, Bacillus atrophaeus spores were used which are highly resistant against
conventional sterilization methods due to their protective layer composed of coat proteins.
Furthermore, spores are commonly used as bioindicator in the validation of sterilization
processes. Polymer strips (polyethylene and polystyrene) were punctually contaminated
with a spore suspension, dried, and subsequently exposed to plasma. It was shown that
the choice of the process gas determines the efficient reduction of the contamination.
Hence, the admixture of molecular oxygen led to a remarkable increase of the lethal effect
as compared to Ar-plasma only. The admixture of 1 vol% oxygen resulted in 4 logqe-
reduction of the colony forming units after 300 s plasma treatment. Furthermore, it was
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shown that with increasing jet-nozzle-to-substrate distance the lethal effect of plasma was
reduced.

Since the bactericidal effect of plasma is attributed to plasma-generated ROS and/or
RNS as well as (V)UV radiation, optical emission spectroscopy (OES) was applied to
identify plasma-excited species. Based on these measurements it was possible to show a
correlation between the lethal effect of plasma and the applied process parameters by
varying the process gas and the jet-nozzle-to-substrate distance. The antimicrobial effect
of oxygen-containing plasmas is mainly explained by the formation of ROS. The emission
spectrum of pure Ar-plasma was mainly dominated by emission lines of hydroxyl radicals
(at A =308 nm), the second positive system of nitrogen (at A = 337 nm) and emission
lines of argon (in the range of A =700-900 nm), while in the OES spectrum of Ar/O,-
plasma high intensities of emission lines of atomic oxygen were detected (at A = 777 nm
and A =844 nm). The decrease of the bactericidal effect with increasing jet-nozzle-to-
substrate distance is assigned to the depletion of short-lived reactive species in ambient
air. Therefore, with increasing distance to the gas discharge less reactive species are left
in reaching the substrate surface which was confirmed by the decrease in the intensity of
the emission lines of excited plasma species in the OES spectra of the two working gases.

Plasma causes not only an inactivation of micro-organisms but initiates the removal of
biological material, too. In a proof of principle 7 day old biofilms of Candida albicans were
treated with Ar-plasma and Ar/O,-plasma. The detection of the biofilm removal was docu-
mented by using a light microscope. In agreement with the aforementioned results of the
inactivation experiments, Ar/O,-plasma was most effective in biofilm removal in compari-
son to pure Ar-plasma. Hence, a complete removal of biofilms was achieved after 300 s
Ar/O,-plasma treatment with an oxygen admixture of 1 vol%. Consequently, it has been
concluded that both, inactivation of micro-organisms and removal of micro-organisms is
generally based on the same mechanisms.

To gain insight into the mechanisms of the plasma-based biofilm removal, synthetic ali-
phatic and aromatic polymers were used as model surfaces for biological cell compounds.
Analogous to synthetic polymers, micro-organisms are mainly composed of aliphatic and
aromatic hydrocarbon compounds, as well as various amounts of oxygen and nitrogen
groups. The investigations were focused on the following synthetic polymers: polyethyl-
ene, poly(methyl methacrylate), polystyrene, polypropylene, polycarbonate, and poly(ether
ether ketone). The etching effect of plasma on these polymers was studied whereas the
determination of the etching rate, as well as the elucidation of the etching mechanism was
in the focus of interest. The etching rate was estimated quantitatively by the determination
of the mass loss and by measuring the etched surface profile by stylus profilometry after
plasma treatment. For the investigated polymers etching rates of 50 nm/s up to 300 nm/s
were calculated after Ar/O.-plasma treatment (1 vol% O,). The measured surface profiles
showed that Ar-plasma initiates material erosion but, this occurred mainly adjacent to the
active plasma zone, where an admixture of ambient air takes place. The oxygen-
containing ambient air can be excited and dissociated by the plasma, resulting in the etch-
ing of the polymer surface. In contrast, the direct admixture of molecular oxygen to the Ar
gas flow led to an increased etching effect and further, it was observed that the etching
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process occurred directly on-axis of the jet, thus in the plasma zone. Measurements of the
atomic oxygen density in the gas discharge plasma were realized by using two-photon
laser-induced fluorescence spectroscopy (TALIF) which revealed a correlation between
the amount of added oxygen and the efficiency of the etching process. It was shown that
with increased admixture of oxygen, from 0 to 1.5 vol%, the density of atomic oxygen was
increased. Furthermore, a proportional relationship between the etched mass and the
oxygen density was found. Hence, it could be clearly demonstrated that oxygen species
generated in the plasma are responsible for the etching process.

Consequently, by using polymers, which present chemical and structural analogies to
cell compounds of micro-organisms or biofilms and which are used for the production of
medical devices, it was demonstrated that the desired antimicrobial effect and biofilm re-
moval as well as usually undesired material erosion are based on substantially identical
reactive plasma components and mechanisms. These findings are therefore to be consid-
ered in the control of plasma-based sterilization and decontamination methods of poly-
meric materials.

Substantial erosion of the plasma-exposed substrate can be avoided by the choice of
the plasma process parameters, but during the plasma exposure the substrate to be de-
contaminated is still subjected to the bombardment of reactive plasma species which can
interact with the substrate’s surface in different ways. For this reason, a further aspect of
this work was to investigate the influence of the plasma treatment on characteristic sur-
face properties of the polymers. In particular, changes in the wettability, in the chemical
composition, and in the topography of the surface dependent on varied process parame-
ters were studied. Detailed insights into plasma-based alteration of surface properties
were obtained by surface analytical studies on the chemical composition using X-ray pho-
toelectron spectroscopy (XPS). XPS analyses of untreated and plasma-treated polymers
revealed a higher oxygen/carbon ratio and the formation of oxygen-containing functional
groups on the surface, including C-O (hydroxyl, ether), O-C=0 (acids, esters), and C=0
(aldehyde, ketone), after plasma treatment. Water contact angle measurements confirmed
that these polar groups cause a hydrophilicity of the surface. Even after a second plasma
treatment, the wettability of hydrophobic polymer surfaces was improved. In agreement
with the studies concerning the inactivation of micro-organisms, it was shown that the gas
composition and the distance of the plasma to the substrate affect the plasma-surface
interactions. For example, by adding molecular oxygen a further reduction in water contact
angle was achieved for several polymers compared to the effect of Ar-plasma only. Fur-
thermore, the variation of the jet-nozzle-to-substrate distance showed that the observed
surface effects decline with increasing distance. Besides surface functionalization proc-
esses, changes in the topography with prolonged plasma treatment time (> 60 s) were
observed, too. By applying atomic force microscopy (AFM) an increase in surface rough-
ness as a function of plasma treatment was shown which indicates that a well-defined
boundary between surface functionalization and surface etching exists.

In contrast to undesired macroscopic material erosion which might be initiated by
plasma-based sterilization and decontamination processes, the generation of plasma-
chemical surface modifications can be used to control the adhesion of cells or bio-
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molecules on biomaterials. Cell growth of human osteoblasts (MG-63) was examined on
plasma-modified surfaces which revealed no negative influence on the biocompatibility.
Moreover, plasma-treated surfaces led to an improved cell proliferation in comparison to
untreated surfaces.

Summarizing, a careful choice of plasma process parameters results in both, the inacti-
vation/removal of micro-organisms and the tailoring of the surface properties which can be
beneficial for subsequent biomedical application of the material.

18



1 Non-thermal Plasma

1 Non-thermal Plasma

Non-thermal plasmas have reached considerable importance in various plasma proc-
essing applications due to its ability to provide enhanced gas phase chemistry with high
concentrations of chemically active species without the need for elevated gas tempera-
tures [1]. Accordingly, cold gas discharge plasmas are highly attractive in fields where
moderate temperatures are required such as in material processing and biomedical appli-
cations [2]. Plasma technology has been used for industrial application since the 1970s
[3]. Especially low-pressure plasma processes have been applied in the microelectronic
and semiconductor market. In recent years a lot of efforts have been made in the devel-
opment of plasma sources, new types of excitation and further, the interest in plasmas
operating at atmospheric pressure plasma was continuously growing [4]. The progress in
newly designed plasma sources and novel plasma-specific applications opened up new
research areas and further, obtained more interests in industrial fields and in the field of
life sciences related to biomedical applications [5].

1.1 Introduction

Physical plasma is (partially) ionized gas which is also referred to as the fourth state of
matter, the most prevalent state of matter (99% of the apparent universe is in the plasma
state). It is composed of photons, electrons, positive and negative ions, atoms, free radi-
cals and excited or non-excited molecules [4]. Plasma is a quasi-neutral particle system
(in macroscopic dimension) exhibiting a collective behavior due to long-range Coulomb
interactions [6]. Plasmas are generated at low, atmospheric, and high pressure. The pres-
ence of free electric charges (electrons and ions) is responsible for the electrical conduc-
tivity of plasma and the strong response to electromagnetic fields. From the historical
viewpoint, Sir William Crookes identified plasma as “radiant matter” in 1879. But the term
“plasma” for ionized gas was first used by Irving Langmuir in 1928 related to blood plasma
which carries red and white corpuscles like an electrified fluid carries electrons and ions

[7]:
“...the ionized gas contains ions and electrons in about equal numbers so that the resul-

tant space charge is very small. We shall use the nhame plasma to describe this region
containing balanced charges of ions and electrons.”

solid

Figure 1.1: Matter can exist in several states. The most common states are known as solid, liquid, gas,
and plasma. The supply of energy affects the motion of molecules. As the energy of the moving
molecules overcomes the molecular attraction forces, the matter will change its state from solid
to liquid to gas. When the energy supply proceeds intense collision processes among the con-
stituents occur. The atoms themselves begin to break down: electrons are stripped from their or-
bit causing the atom to become a positively charged ion. The resulting mixture of neutral atoms,
free electrons, and charged ions is called plasma.
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The fourth state of matter results from progressively provided energy to matter for the
transition from the solid to the liquid up to the gas state as schematically shown in Fig.
1.1. By supplying further energy, gas is converted into plasma when the energy is suffi-
cient to ionize atoms of the gas [3, 8]. In laboratories plasma is generated by coupling
energy to a gaseous medium through thermal energy or by applying voltage or by inject-
ing electromagnetic radiation [9]. In terms of electron density and temperature (T.: elec-
tron temperature, Tion: ion temperature, Tg,s: gas temperature) plasmas are generally di-
vided into two main groups: high-temperature plasmas and low-temperature plasmas.
Low-temperature plasmas are further subdivided into thermal plasma and non-thermal
plasma. The typical classification of different kinds of plasmas and an overview of the
main characteristics are presented in Tab. 1.1.

Table 1.1: Plasma classification according to [4] and [9].

Plasma Characteristics Example
High temperature Te = Tion =Tgas = 10°-10° K fusion plasma
plasma (equilibrium electron density: >10%° m?
plasma)

Low-temperature plasma
Thermal plasma Te = Tion =Tgas < 21 0*K Arc plasma,
(local equilibrium electron density: 10*'- 10% m™ plasma torches
plasma)

Non-thermal plasma Te » Tion glow discharge,
(non-equilibrium T.<10°K (=10 eV) corona, barrier dis-
plasma) Tion = Tgas = 300 - 10° K charge

electron density: < 10" m™

Species produced in high-temperature plasmas are in thermal equilibrium, hence elec-
trons and heavy ions have high temperatures. In case of low-temperature plasmas, ther-
mal plasmas are characterized by the same electron and gas temperature which is based
on elastic collisions between electrons and heavy particles (ions, molecules, and atoms).
The energy of electrons is consumed by the heavy particles which results in heating of
them. Thermal plasmas are characterized by an almost local thermodynamic equilibrium
between electrons and heavy particles. For non-thermal plasmas the electron temperature
is remarkable higher compared to the ion and neutral gas temperature. This temperature
difference depends on the collision rate between electrons among themselves and with
heavy particles. Due to the small kinetic transfer in elastic collisions between electrons
and heavy particles the electrons energy remains high [10]. Consequently, non-thermal
plasmas do not present a local thermodynamic equilibrium. Since the neutral gas tem-
perature remains near or at room temperature, non-thermal plasmas are often referred to
as “cold plasmas” [11]. Regarding the different neutral gas temperatures, thermal plasmas
are used for application where heat is required, for instance for welding, cutting, or spray-
ing. In contrast, non-thermal plasmas are applied for processes where high temperatures
need to be avoided, such as for surface processing of heat-sensitive materials [12].

In the gas discharge very complex physical and chemical processes occur simultane-
ously which are described by means of various elementary processes [13]. The reactivity
of plasma is reached by ionization of particles. Hence, for the generation of plasma the
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ionization of neutral atoms and/or molecules of the medium is the key process [13]. loni-
zation occurs by collisions of energetic particles, by ionizing radiation, or by the impact of
electric fields on electrons. The degree of ionization is defined as the density of the
charged particles in the plasma. High-temperature plasma is completely ionized plasma;
the ionization degree is close to unity. Plasma is called partially ionized when the ioniza-
tion degree is low. Hence, the total density of charged particles is lower than the total
density of neutral species which is the case in non-thermal plasma (degree of ionization:
10°-10) [14]. In non-thermal plasmas the energy required for chemical reactions is
mainly transferred by the electrons. They transfer the energy provided by the external
electric field to the gaseous medium. Due to their low mass electrons are easily acceler-
ated and absorb the largest amount of the applied energy. This energy is transferred
through collisions to the molecules of the gas initiating their ionization and dissociation.
Collisions between electrons and heavy particles can be either elastic or inelastic. In
terms of elastic collisions the internal energies of colliding particles do not change. Hence,
this type of collision does not result in excitation of heavy particles. Inelastic collisions are
characterized by energy transfer from the kinetic energy of electrons to internal energy of
heavy particles leaving the heavy particle in an excited or ionized state. Hence, the elec-
trons excite the gas molecules to higher energy levels by losing their own energy. Due to
the short lifetime of the excited species photons are emitted on their transition to the
ground state (the excitation — relaxation process is responsible for the glow).

The basic feature of generating non-thermal plasmas is that the electrical energy is
mainly used for the production of energetic electrons without heating the gaseous me-
dium. To generate and sustain non-thermal plasmas the input of electrical power is nec-
essary for dissociation and excitation of atoms and molecules with subsequent production
of radicals and metastable molecular states. This is achieved by various electric power
sources operating at alternating current (AC) or direct current (DC), low frequency
(~50 kHz) or high frequency including radio frequency (RF) and microwave (~2.45 GHz).
Furthermore, according to the possibility to ignite plasma in a broad spectrum of gas pres-
sure, reaching from low-pressure to atmospheric pressure (0.1...10° Pa), different types of
gas discharges can be obtained. All these different methods of applying the gas discharge
power enable a wide variety of types of plasmas. Depending on the mechanism used for
the generation of non-thermal plasma it can be distinguished between the following dis-
charges: glow discharge, capacitively coupled plasma, inductively coupled plasma gener-
ated at low-pressure as well as corona discharge, dielectric barrier discharge, plasma jet
operating at atmospheric pressure [15].

Since non-thermal plasmas provide a high reaction chemistry at low gas temperatures
they are of particular importance for technological and biomedical application. Plasma-
emitted species are sources of energy which induce chemical reactions in the plasma
itself as well as at the interface on surfaces. The appropriate choice of operating condi-
tions (process gas, energy input, and reactor geometry) leads to specific technological
and biomedical process applications [16]. Hereinafter gas discharge modes well-suited for
biomedical application including material processing and bio-decontamination are shown.
Furthermore, the approaches to generate plasmas presented below were chosen because
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of their extensive use for bio-decontamination and industrial processes. Since the subjects
of this thesis are non-thermal plasmas operating at atmospheric pressure, the section
about low-pressure plasma is only briefly discussed.

1.2 Low-pressure plasma

Gas discharges generated at reduced pressure are referred to as low-pressure plas-
mas. A number of researches related to surface modification are focused on low-pressure
gas discharges which led to the development of a number of low-pressure gas discharges
over the past. Low-pressure plasmas are of great interest in fundamental research as well
as in microelectronic industry and material processing (e.g. for surface etching and sur-
face coating) [17]. This type of plasma is associated with a low density of atoms in the gas
phase and hence, with low collision rates among the plasma-generated species due to the
long mean free paths between electrons and heavy particles which inhibit electrons to
transfer their energy to the gas. For the generation of low-pressure plasma vacuum sys-
tems are required which in fact implies long pump down times but enables the production
of large-scaled uniform plasma processes with a well-controlled and stable plasma chem-
istry [4]. Hence, various plasma-assisted processing techniques are intensively used to
design substrate surfaces by grafting chemical functionalities. These techniques cover the
range from plasma functionalization/modification over thin-film deposition in plasma po-
lymerization up to chemical micro-pattering [18].

The characteristics of this type of gas discharge plasma are controlled by utilizing the
proper reactor architecture and operating parameters including discharge frequency, de-
livered power, choice of the working gas or gas mixture and its flow rate, and the gas
pressure [19]. For surface treatment different setups are used: (I) for the capacitively cou-
pled RF discharge two electrodes are mounted into a vacuum chamber where the process
gas is introduced with a typical pressure of some Pascal. (II) Another setup uses a MW
excitation where no electrodes are necessary and a higher degree of ionization can be
achieved compared to the RF excitation. (lll) Also a combination of these two setups can
be applied which is called “mixed” (or dual-) frequency plasma [20].

Besides surface modification processes low-pressure plasmas are successfully applied
for bio-decontamination of surfaces (e.g. medical devices, pharmaceutical packing and
filling), too [21, 22]. Further, in 1990s two sterilizing processes were commercialized using
low-pressure plasma technology, namely Sterrad® and Plazlyte® Sterilization System
[23]. Nevertheless, both systems are not plasma-based but rather plasma-assisted
because gas mixtures that contain components with germicidal properties (e.g. H,O,, al-
dehyde) are used before gas discharge ignition. Plasma-based decontamination proc-
esses use non-toxic gas mixtures (for instance Ar, H,, O,, N,, air etc.) which produce re-
active species and (V)UV radiation at relatively low temperatures [24]. Hence, in many
studies and reviews different potential mechanisms of its action have been shown which
led to the commercialization of plasma sterilization reactors operating only with non-toxic
gases [25].

As already stated, low-pressure plasmas are fundamental processes in plasma technol-
ogy but suffer some drawbacks too. Because of the need of vacuum systems low-
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pressure plasmas are highly expensive, time-consuming, and require high maintenance.
Furthermore, the size of the objects to be plasma-treated is limited by the size of the vac-
uum chamber. Therefore, plasma sources operating at atmospheric pressure are in focus
of interest due to the economical and operational advantages. Furthermore, for objects
that cannot be easily evacuated, e.g. substrates with huge amount of adsorbed material
and moisture, low-pressure plasmas are not practicable and additionally, it is more and
more desirable that plasma can be ignited and sustain in open air suited for the treatment
of living material (e.g. tissue) or liquids [26].

1.3 Atmospheric pressure plasma

In comparison to low-pressure plasma, atmospheric pressure plasma operates in the
open air, hence at atmospheric pressure. For this reason, this type of plasma is very at-
tractive for various industrial applications because of its potential of fast and efficient in-
line processing fabrication without the need of expensive vacuum equipment. Hence,
technological atmospheric-pressure plasmas including arc plasma, atmospheric-pressure
glow discharge (APGD), corona, and dielectric barrier discharge are used in a wide variety
for industrial processes such as surface modification of polymers [27]. However, since
working in ambient air often includes the influence of species of the surrounding air on the
gas discharge, the plasma phase chemistry is not as well-controlled as compared to low-
pressure plasma.

To generate non-thermal atmospheric pressure plasmas different principles for the en-
ergy input from diverse sources have been developed (e.g. corona discharge, dielectric
barrier discharge, atmospheric pressure plasma jet, and the plasma needle). In the follow-
ing section two setups for the generation of non-thermal atmospheric pressure plasma
applied in this work for decontamination of micro-organisms are presented. Both gas dis-
charge modes are suitable plasma sources for the generation of cold plasma at atmos-
pheric pressure. These types of gas discharges provide room temperature conditions, the
possibility for different geometrical shapes of experimental arrangements and for scaling-
up to large dimensions.

1.3.1 Dielectric barrier discharge (DBD) (applied in publication 5.6)

The characteristic of the dielectric barrier discharge is that at least one of the electrodes
is covered by a thin layer of dielectric or highly resistive material (made of glass, quartz,
ceramic, polymers or other materials of low dielectric loss and high breakdown strength)
[28]. This gas discharge is typically generated between two electrodes commonly driven
by a HF electric current (in the kHz range). DBDs mostly generate micro-discharges (fila-
mentary mode) which appear randomly between the electrodes. Under special conditions
there exists a diffuse (glow-like) mode, too, which is also called atmospheric pressure
glow discharge (APGD). The dielectric layer is responsible for proper function of this type
of gas discharge [14]. Due to charge accumulation on the dielectric surface an electrical
potential is created which opposes the applied voltage and, hence, limits the discharge
current and impede the glow to arc transition [29]. Additionally, it facilitates the distribution
of the micro-discharges over the complete electrode. The DBD is also referred to as the
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silent discharge due to the absence of sparks, which are characterized by local overheat-
ing, generation of local shock waves and noise [30]. DBDs are intensively applied for in-
dustrial processes such as in ozone generation, in CO, lasers, as source for VUV/UV ra-
diation, and for surface treatment to improve wettability and adhesion [31]. Furthermore,
for recent years dielectric barrier discharges are investigated for biomedical application
e.g. treatment of skin diseases [32]. Depending on the applied process gas and voltage
the distance of the electrodes varies between micrometers and centimeters [33]. The DBD
operates in a wide range of configurations e.g. volume discharge, surface discharge, and
coplanar or planar discharge schematically shown in Fig. 1.2.

(A) (B) (©)

©)

planar setup

coplanar setup

electrodes
=== dielectric
=== discharge

surface discharge

Figure 1.2: Setups for DBD. Planar configuration: (A) dielectric layer on both electrodes, (B) dielectric in the
discharge, and (C) dielectric layer on one electrode. (D) Coplanar arrangement where the elec-
trodes are embedded in the dielectric. (E) Surface discharge with only one electrode embedded
in the dielectric (according to [33]).

There are two basic configurations of DBDs: firstly, the volume DBD where the object to
be treated serves as the second electrode [32, 34] and secondly, the surface DBD which
is characterized by two electrodes in direct contact with the dielectric where the plasma is
generated around the electrodes. If both electrodes are embedded in the dielectric a co-
planar configuration is present. In this setup the plasma is produced at the dielectric, too.
In the set-up of the surface DBD and the coplanar dielectric barrier discharge the object to
be treated is not part of the electrode arrangement. All these mentioned gas discharges
can be applied for surface treatment of non-living and living material. Owing to the effort-
less discharge ignition nearly every combination of gases can be applied and further, due
to the low gas flow (down to 100 standard cubic centimeters (sccm) and less) these
plasma sources are highly attractive [33]. Also the versatile electrode configurations which
enable an excellent adaptability (even over several meters a homogeneous discharge can
be generated) is very advantageous.
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1.3.2 Atmospheric pressure plasma jet (applied in publication 5.1 - 5.5)

Cold atmospheric pressure plasma jets generate stable gas discharges for surface
modification of heat-sensitive materials, inactivation of micro-organisms, and recently, for
direct application on living surfaces. Atmospheric pressure plasma jets can be operated
with different gases including noble gases (e.g. helium, argon) with gas flow rates up to
some standard liters per minute (slm) and small admixtures of reactive gases (e.g. nitro-
gen or oxygen). The plasma characteristics depend on the jet configuration and electrical
excitation and therefore, differ considerably [1, 35]. The wide spectrum covers dc jets,
kilohertz frequency pulsed and sinusoidal jets, radio frequency and microwave excited jets
[35]. In general, atmospheric pressure plasma jets consist of two electrodes in different
arrangements [33]. Figure 1.3 shows a schematic of the atmospheric pressure plasma jet
applied for the studies in publication 5.1-5.5. This jet has been developed by the Leibniz
Institute for Plasma Science and Technology (INP Greifswald e.V.) and is called kINPen®.

gas

ol

—— HF electrode

grounded
electrode

<«—plasma effluent

Ar plasma Ar/1%0, plasma

Figure 1.3: Atmospheric Pressure Plasma Jet. Left: Schematic setup of the plasma jet (according to [32]).
Photograph of Ar plasma jet (effluent length of 12 mm) and Ar/1%0O; plasma jet (effluent length
of 6 mm).

The inner rod electrode is coupled to high frequency power (1.1-1.8 MHz). The operat-
ing gas flows between the outer grounded and the inner electrode. The gas discharge is
ignited from the top of the central pin-type electrode (1 mm diameter) where electrons are
produced by applying HF power. The electrons interact with gas molecules via inelastic
collisions. On this way generated high velocity plasma effluent expands to the surrounding
air outside the jet nozzle. Depending on the process gas the jet effluent reaches a length
of up to 12 mm (Fig. 1.3). During the gas discharge ions and electrons undergo recombi-
nation processes, but the flowing effluent still contains metastable species and radicals
which interact with the non-living or living material. The neutral gas temperature is about
330 K (measured at the tip of the plasma effluent) which is determined by the high gas
flow and the low power consumption. By means of special electrical input signals (burst
mode: alternating plasma on and plasma off periods) a further decrease in gas tempera-
ture can be achieved down to room temperature [36]. Due to the small plasma dimensions
the treatment area of plasma jets is restricted in the range of a few millimeters for local-
ized applications. But this is also the main advantage of plasma jets in combination with
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the treatment of narrow gaps or cavities difficult to access. Hence, atmospheric pressure
plasma jets exhibit an excellent ability to penetrate into small structures which is beneficial
for the precise treatment of micro-structures such as capillaries or, for biomedical applica-
tion, e.g. root canals [37]. If large-area treatment is required different arrangements can
be applied which consist of several plasma jets which can also be adapted to special ge-
ometries [32].

2 Non-thermal Plasma in Biology and Medicine

Non-thermal plasmas have reached many breakthroughs in the field of biology and
medicine by combining a broad interdisciplinary research on physics, biology, chemistry,
medicine, and engineering. Although at the beginning of the application of non-thermal
plasmas for biomedical purposes low-pressure plasmas were in the focused of interests,
new possibilities arose from the development of plasma devices which operate stable at
atmospheric pressure close to ambient temperature. The development of dielectric barrier
discharges and non-thermal plasma jets opened up new application possibilities of physi-
cal plasmas. A recent emerging activity is the application of plasma in health care which
leads to the formation of a new field titled “Plasma Medicine” [38]:

“Recent demonstrations of plasma technology in the treatment of living cells, tissues,
and organs are creating a new field at the intersection of plasma science and technology
with biology and medicine — Plasma Medicine.”

Non-thermal plasmas are efficient in providing highly reactive species to initiate complex
biochemical processes leading to physical and chemical modifications of non-living sur-
faces and biological matter [2]. By adjusting the process parameters (e.g. process gas,
source of input energy, frequency) the amount and type of plasma-generated components
can be controlled. This enables a variety of combinations of reactive chemical species to
create a desired effect. Especially the effect of plasma on biological systems is of impor-
tance. Recently, three different research areas related to biomedical and clinical purposes
have been developed which are summarized in the field Plasma medicine: plasma-based
bio-decontamination/sterilization, plasma-assisted modification of biomaterials, and the
direct plasma interaction with living systems for therapeutic approaches (e.g. plasma
treatment of wounds) [39]. The development of non-thermal atmospheric pressure plas-
mas in 1990s set initial focus on the research field of bio-decontamination procedures
[40]. Therefore, cold atmospheric pressure plasma sources and their antimicrobial activity
on various microorganisms have been intensively studied which is also the main topic in
this thesis.

2.1 Plasma-based bio-decontamination and sterilization

The major drawbacks of conventional sterilization techniques using dry heat (oven),
moist heat (autoclave), or chemicals like gaseous ethylene oxide or hydrogen peroxide
are the high processing temperature, the long-time treatment, the use of toxic chemicals
which can remain on the surface after the process and thus, constitute an unacceptable
risk. Furthermore, high temperatures can damage the material which affect adversely their
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quality and shorten their lifetime. Another sterilization process is the application of gamma
or electron-beam irradiation which may implicate changes in the bulk of the material being
treated and further, requires high security equipment [41]. The mentioned limitations of the
traditional sterilization techniques and the case that several materials and equipments
such as polymer-based goods are incompatible towards conventional sterilization tech-
niques have encouraged the development of alternative methods like plasma treatment.
Atmospheric pressure plasmas are able to inactivate many different types of micro-
organisms such as bacteria and fungi. Hence, their capability for clinical application has
attracted much attention. According to the moderate gas temperature of non-thermal
plasmas (near or at room temperature) this technology enables the treatment of tempera-
ture-sensitive non-living materials like polymers. Additionally, recent plasma bio-
decontamination research is devoted to living systems like biological tissue to reduce mi-
crobial load and to enhance the healing process [42]. Furthermore, non-thermal plasmas
facilitate not only bio-decontamination of diverse materials but also the removal of dead
cells and organic compounds [43-45].

2.1.1 Mechanism of bio-decontamination

The idea of using non-thermal plasma for sterilization arose by Menashi et al. in 1968
who patented a corona-based plasma sterilization system [46]. Thenceforth, a lot of ex-
periments have been carried out to prove the antimicrobial effect with different plasma
sources and extensive literature and reviews can be found devoted to this topic [33, 47,
48]. It has been shown, that the germicidal effect of plasma is very specific. For the de-
termination of the efficacy of decontamination processes the technology is tested against
model organisms such as bacterial spores. Spores of Bacillus spp. are very resistant to
many treatments including harsh chemicals, UV radiation, wet and dry heat. Therefore,
these spores have been used as biological indicator for biological decontamination and/or
sterilization processes [49]. The high level of bacterial spore resistance is owing to the
spore’s structure and chemical composition. For instance the thick proteinaceous coat and
the inner membrane serve as protective barrier characterized by very low permeability to
hydrophilic molecules which provides protection against toxic chemicals [50].

In general, to evaluate the lethal effect of plasma on micro-organisms the most widely
used method is the determination of survival curves. Survival curves are usually depicted
as semi-logarithmic plots of the number of viable micro-organisms as a function of the
treatment time. Those provided after plasma treatment often display curves with different
shapes (multi-slope survival curves) indicating a time-depended killing but with different
time constants within the inactivation process. A schematic illustration of a two-slope sur-
vival curve is shown in Fig. 2.1.
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Figure 2.1: Inactivation kinetic: Example of a two-slope survival curve of Bacillus atrophaeus spores im-
mobilized on polyethylene strips exposed to Ar/O; atmospheric pressure plasma.

The inactivation curve is composed of two successive lines with different slopes. The first
phase is characterized by a fast inactivation, followed by a much slower inactivation. The
multi-slope inactivation curves can be explained as follows: the first phase of inactivation
is initiated by plasma-emitted species reacting with the outer membrane of isolated micro-
organisms or of the first layers of stacked micro-organisms resulting in damaging [51]. In
the next phase the inactivation is slower according to the shielded micro-organisms which
results in a decreased inactivation efficacy [52]. Furthermore, impinging plasma-generated
species (e.g. atomic oxygen, hydroxyl radicals) lead to erosion of micro-organisms. The
micro-organisms in the upper layers are eroded and the species reach the biological ma-
terial of those below. This observed biphasic inactivation curve illustrates, that the inacti-
vation of micro-organisms by plasma processes is different from those obtained after con-
ventional sterilization processes which usually exhibits an exponential function of time.

In the literature different terms are used to describe the inactivation/killing of micro-
organisms. It can be distinguished between biological decontamination (bio-
decontamination) and sterilization. Bio-decontamination means the general inactivation or
removal of biological compounds (micro-organisms, fungi, viruses, and pyrogens) [53].
The term sterilization was defined by the pharmacopoeias as the complete absence of
viable micro-organisms including viruses whereas a sterility assurance level (SAL) of 10®
is accepted for pharmacopoeial sterilization procedures. [54]. In other words, the SAL
value indicates a probability of not more than one viable micro-organism in one million
sterilized items of the final product. Hence, sterility requirements are based on the con-
ventional SAL concept. Because the inactivation curves obtained after plasma treatment
are different, alternative concepts such as “tiered sterility assurance levels” have been
suggested [55]. Furthermore, concerning microbiological safety a differentiation in phar-
maceutical sterilization (SAL = 10°®), high-level sterilization (SAL = 10*), low-level steriliza-
tion (SAL = 10®) - all designated for heat-resistant materials -, and the proof of antimicro-
bial efficacy on the highest experimentally accessible level for heat-sensitive devices has
been proposed [53].
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Several scientists have shown that the shape of inactivation curves depends on the type
of micro-organisms, the applied gas compositions, and the location of the samples during
the plasma treatment (direct treatment: samples are in direct contact with the plasma,
remote treatment: samples are located away from the discharge volume or in a second
chamber) which reveal the complexity of both, plasma-based processes and biology. The
observed differences in inactivation mechanisms of micro-organisms can be attributed for
instance to the fact that bacteria differ in their cell wall. Gram-positive bacteria (Staphylo-
coccus aureus) are characterized by a thicker cell wall than that of Gram-negative bacte-
ria (Escherichia coli). These differences in cell-wall structure influence the lethal effect of
plasma. Therefore, non-thermal plasma is more effective against Gram-negative than
Gram-positive bacteria [56].

2.1.2 Impact of plasma agents on micro-organisms

For the bio-decontamination or sterilization of surfaces several plasma species, such as
(V)UV photons, charged particles, neutral (radicals), heat, and electromagnetic fields are
considered to interact with bacterial cells. Figure 2.2 summarizes the microbicidal plasma
species and shows their impact on micro-organisms.

o® plasma Component Impact on micro-organisms
1 S \@ (V)UV inactivation of the DNA and RNA
‘_’ radiation etching of cell wall/membrane
radicals, low-molecular 03 .\) J
: b Lo
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g

° o
°°‘° (-] ‘0 proteins
(+] Q.

Electric fields electroporation

Figure 2.2: Schematic illustration of plasma-emitted biologically active components: Interaction be-
tween plasma components and cell.

° VUV and UV radiation

Plasma emits UV radiation with different wavelengths (A = 200-400 nm). UVC in the
range of 200-290 nm is known for its lethal effect on micro-organisms and is the most
damaging type of UV radiation. Especially in low-pressure plasmas the content of UV pho-
tons can be considerable high. The absorption of UV photons through cellular macro
molecules results in impairment of the DNA, proteins, and lipids which is based on
changes in the cellular redox state (oxidative stress) [57]. The direct UV radiation leads to
the modification of the DNA and to agglomeration of protein- and peptide-chains. The
main effect of UV photons is the dimerization of thymine bases in bacterial DNA strands.
This disturbs the helical structure which inhibits the replication and transcription of bacte-
ria cells [23]. Furthermore, the energetic photons initiate the generation of intracellular
reactive species causing oxidative degradation of lipids and DNA. Also photo-induced
etching has to be considered resulting in bacteria killing [58].
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Depending on the process gas it is further possible that photons in the vacuum ultravio-
let spectral range (VUV, A = 110-200 nm) are emanated from the plasma. Due to the high
energy of VUV photons the photodesorption and erosion effect can eventually be en-
hanced which in turns results in a strong antimicrobial activity [59].

. Reactive species (radicals)

Depending on the process gas various chemically reactive species are generated in-
cluding NO*, NO;, O*, O, O;, O3, ONOO", and HO® which make a significant con-
tribution to the inactivation of micro-organisms [60]. Reactive oxygen species (ROS) and
reactive nitrogen species (RNS) have a strong oxidizing effect on cell structures. This oxi-
dizing effect damages organic molecules such as lipids and amino acids. Produced ozone
is known to interfere with the respiration system of cells. Furthermore, ozone can react
with organic double bonds initiating the generation of ROS. Also the presence of moisture
contributes to the germicidal effect of plasma, due to the generation of hydroxyl radicals

(HO®) which was reported by several authors [61]. The cell membrane is a lipid double
layer comprised of saturated and unsaturated fatty acids providing the characteristic gel-
like structure [62]. Based on the semi-permeability, one of the most important characteris-

tics of the membrane is its function as diffusion barrier. HO® attacks unsaturated fatty ac-
ids to initiate lipid peroxidation which influences the barrier function of the membrane [63]
in such a way that the infiltration of plasma-generated ROS and RNS can be increased. In

the case of RNS, NO* and NO; influence the metabolic pathway causing inactivation of

micro-organisms, too.
. Charged particles

Charged particles are considered to initiate rupture of the outer membrane of bacterial
cells. The charge accumulation on the outer surface induces electrostatic forces which
overcome the tensile strength of the membrane leading to rupture. For instance Laroussi
et al. observed morphological changes of E. coli after plasma exposure and postulated
that the smaller the radius of the micro-organism the stronger the electrostatic force [23].

o Electric fields

Pulses of electric fields are able to control membrane transport processes and function
of cells. Local electric fields can initiate electroporation which can enhance the invasion of
plasma-generated ROS or RNS in the cell. Consequently, the impact of high electric fields
leads to irreversible damage of the membrane [64].

° Heat

Since non-thermal plasmas can be operated at relatively low temperatures (< 50C) no
substantial thermal effects on bacterial cells are expected. Hence, heat is not the major
contributor to the inactivation process especially if bacterial spores, e.g. endospores of
Bacillus atrophaeus, are used as test organisms which are known to be very resistant
against heat.
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Publication 5.1: On the Use of Atmospheric Pressure Plasma for the Bio-
Decontamination of Polymers and Its Impact on Their Chemical and Morpho-
logical Surface Properties — Part |

The first part of this publication demonstrates the plasma-based bio-decontamination ef-
ficiency of the atmospheric pressure plasma jet operated with argon and different admix-
tures of molecular oxygen. Plasma inactivation kinetics of Bacillus atrophaeus spores re-
vealed a maximum reduction of viable number of micro-organisms after 180 s argon oxy-
gen (with an admixture of 1 vol% oxygen) plasma exposure. The dependence of the lethal
effect on the applied process gas was studied by varying the admixture of molecular oxy-
gen. Furthermore, the influence of the distance between the jet-nozzle and the substrate
on inactivation effect was examined. In summary, it is shown that reactive oxygen species
emanated from the gas discharge play a determinative role in non-thermal plasma bio-
decontamination.

2.1.3 Removal/etching of micro-organisms and biofilms

Another aspect of bio-decontamination of objects and in current focus of interest is the
degradation of biomolecules (e.g. protein, lipids) and removal of pathogens from surfaces
by using gas discharges. Surgical instruments and medical devices are contaminated by
residual micro-organisms and infectious biomolecules after cleaning process [65]. Biologi-
cal remnants (dead bacteria) or pyrogenic substances (constituent parts of bacterial cell
walls causing fever) are capable to entertain inflammatory processes in the adjacent tis-
sues. Hence, for clinical practice the elimination of harmful organic substances and bio-
molecules from surfaces that are in direct contact with the patient is of importance. This
includes most of all surfaces of reused medical equipment like endoscopes, surgical in-
struments, or dental tools. Since present sterilization processes are insufficient in com-
pletely removing resistant and infectious biomolecules, e.g. prions, from surfaces, non-
thermal plasmas represent an alternative method by providing a rich gas-phase chemistry
capable for the erosion of micro-organisms and biomolecules under atmospheric pressure
as well as low-pressure conditions [22, 66].

A further issue which should be considered is that most studies elucidating the lethal ef-
fect of plasma are based on using free living bacteria (planktonic cells). But the predomi-
nant appearance of microbes attached to inert or living surfaces, in natural as well as in
clinical environments, is their growth in microbial communities, known as biofilms [67].
Moreover, micro-organisms aggregated in biofilms are the source of most persistent infec-
tions [67]. Biofilms are composed of many bacteria cells embedded in a self-made matrix
comprising different extracellular produced substances including proteins, nucleic acid,
and polysaccharides, resulting in the formation of a multilayer structure of several micro-
meters. These extracellular polymeric substances provide to a certain degree resistance
toward high doses of antibiotics and increase the tolerance toward host immune defense
[68]. Consequently, it is more difficult to Kill cells in the form of biofilms than in the form of
individual cells and longer plasma treatment times are often required for an efficient inac-
tivation of biofilms [69, 70]. Biofiims can be found on artificial surfaces in oral cavities
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(denture or implants) and further, are a serious problem in the pathogenesis of chronic
wound infections [44, 71]. Hence, microbes are involved in a number of implant-related
biofilm infections (e.g. nosocomial infections caused by a variety of bacteria and fungi)
and non-device-related chronic infections.

By tailoring the chemistry of the plasma gas phase, through appropriate tuning of the
process parameters, the inactivation as well as the etching effectiveness of the gas dis-
charge on microbes and biomolecules can be optimized. In this way, it is possible to inac-
tivate bacterial cells by the diffusion of plasma-emitted species into the biofilm and to
erode and to remove organic compounds at the same time. Additionally, when the archi-
tecture of the biofilm is damaged it is conceivable that the plasma-generated species infil-
trate deeper into the biofilm which facilitates the detachment of biofilm fragments or
loosely packed bacterial clusters [72].

Publication 5.2: Atmospheric Pressure Plasma: A high-performance tool for
the efficient removal of biofilms

So far, little is reported on the application of atmospheric pressure plasma for etching of
complex biological systems (e.g. biofilms). In this publication the removal of a 7-day old
Candida albicans biofilm by means of the atmospheric pressure plasma jet is demon-
strated quantitatively by microscopically analysis. The biofilm-forming Candida albicans
was chosen since Candidiasis, caused by Candida species, is the most common fungal
infection in humans.

The optimal plasma conditions for the most effective biofilm removal were investigated
by comparing different process gases and treatment times. In particular, the influence of
Ar plasma and Ar + 1 vol% O, admixture on the etching efficacy was studied. It is shown
that an almost complete elimination of biofilm was achieved by adding molecular oxygen
to the argon gas discharge. Furthermore, the estimation of the biofilm thickness before
and after plasma exposure enabled the calculation of etching rates which was found to be
in the range of 33 - 67 nm/s. Since the plasma device used in this study can be further
developed for clinical use, plasma jets might be an effective tool in medicine for bacterial
inactivation and the removal of organic compounds.

Summarizing, gas discharges can be successively applied to remove biomolecules from
surfaces. However, the interaction mechanisms between plasma and biomolecules are
not yet fully understood but are mandatory to elucidate for proper functioning of the
plasma procedure. In general, micro-organisms are composed of several natural polymers
including proteins, lipids, and hydrocarbon-like compounds [73]. Hence, for understanding
the fundamental reaction processes of plasma-based etching of micro-organisms and
biomolecules representative synthetic polymers can be used as model constituents for
microbial cells. Polymers are macromolecules composed of repeating units which are
linked by covalent bonds [74]. They are subdivided into aliphatic and aromatic polymers.
Aliphatic polymers are characterized by linear or branched chain molecules which are
saturated (called alkanes) or unsaturated (called alkenes or alkines) whereas aromatic
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polymers are composed of ring-shaped structures like phenyl rings. Micro-organisms are
composed of aliphatic and aromatic structures, too. Moreover, the surface chemical com-
position of micro-organisms, deduced from XPS data, reveals that micro-organisms
mainly consist of carbon, oxygen, and nitrogen. In detail, for different strains (Gram-
positive, Gram-negative, and yeast strains) and species the ratio of oxygen to carbon var-
ies between 0.2 and 0.6 whereas the nitrogen to carbon ratio are found to be between
0.03 and 0.2 [73]. Additionally, deduced from the elemental composition and peak fitting
procedures information on the functional groups can be obtained which are indicative of
the structural cell surface features [75]. Hence, the analysis of functional groups enables a
rough attribution to the three major classes of cell compounds (proteins and peptides,
sugars and polysaccharides, and lipids) where each is characterized by limited number of
chemical functions [75]. As provided by XPS, the elemental composition of synthetic
polymers is in some way comparable to cell components of micro-organisms which was
already discussed by Pelletier et al. as referenced in [76]. Therefore, using synthetic poly-
mers as reference material for cell compounds enables the investigation of the impact of
chemically active plasma species on polymeric substances dependent on their elemental
composition and chemical structure. Furthermore, it allows a detailed study on the etching
mechanism including the determination of etching rates.

Publication 5.3: High Rate etching of Polymers by Means of an Atmospheric
Pressure Plasma Jet

In this study, the etching efficacy of the atmospheric pressure plasma jet on different
polymers (polyethylene, polypropylene, poly(methyl methacrylate), polystyrene, polycar-
bonate, poly(ether ether ketone), and cellulose) is investigated. Polymeric materials were
exposed to pure argon and argon/oxygen plasma. The influence of oxygen admixture (up
to 1 vol%) and jet-nozzle to substrate distance on etching rates was studied. Two strate-
gies were applied for the determination of the etching rates: 1. calculation of the mass
difference by weighing and 2. by measuring the surface etching profile after plasma treat-
ment. The experiments showed that reactive oxygen species play an important role in the
polymer removal which results in etching rates of 50 nm/s up to 300 nm/s depending on
the polymeric material.

Despite intensive investigations about the surface properties, detailed knowledge of the
plasma chemistry is required too, in order to understand the reactions occurring between
plasma and plasma-exposed surfaces. Based on these information and in combination
with various surface analysis techniques more information on plasma-initiated surface
reactions can be obtained. Moreover, the extent of plasma-initiated surface processes
depends strongly on the species of the applied plasma source. For this purpose different
non-invasive plasma diagnostic tools can be applied for the characterization of the gas
phase. Among the different diagnostic techniques, optical plasma diagnostic methods
have the advantage that the gas discharge remains undisturbed [77]. Hence, optical
emission spectroscopy (OES) and two-photon absorption laser-induced fluorescence
(TALIF) spectroscopy are widely used to determine the plasma properties. OES gives
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direct access only to excited particles in the visible and the (V)UV spectral range. This
technique offers high spatial and temporal resolution. In the measured optical emission
spectra the intensity of excited species is depicted as function of the wavelength. De-
duced from these spectra information on the type of the excited particles in the plasma
can be obtained and further, the rotation and vibration temperatures can be calculated
[78]. Quantitative determination of individual particle densities and fluxes can be received
by using TALIF spectroscopy [79].

As previously stated, the germicidal effect of atmospheric pressure plasmas has been
proven for several process gases where a fast inactivation was mainly achieved by using
or admixing reactive process gases like oxygen, nitrogen, or air [33]. In the experiments
mentioned above (publication 5.1-5.3) several indications were found that plasma-
generated oxygen species are key-role species having a dominant influence in both, the
inactivation of micro-organisms and in the plasma-polymer interactions. Hence, TALIF
measurements can be applied to obtain information on the atomic ground state density of
oxygen and to get an insight into plasma chemistry [80].

Publication 5.4: Investigation of Surface Etching of Poly(ether ether ketone) by
Atmospheric Pressure Plasmas

An atmospheric pressure argon plasma jet with varying admixtures of molecular oxygen
was used to study the etching mechanism of poly(ether ether ketone) (PEEK). Spatial
atomic oxygen density profiles of the gas discharge are investigated by TALIF spectros-
copy and compared to the etching surface profiles of PEEK. Furthermore, a correlation
between plasma-based etching processes on PEEK with the generation of chemically
reactive plasma species is proposed. In detail, the dependence of the atomic oxygen den-
sity on different gas mixtures and axial distances as well as its correlation to the etching
efficiency was examined. The results exhibited an increased density of atomic oxygen
with increasing admixture of molecular oxygen with an oxygen density up to
1.75x 10" cm™ and a lower oxygen density witch increased distance to the jet effluent.
Analogous to these results an increased etching behavior with increasing admixture of
oxygen was observed. Hence, a linear behavior between etching and oxygen density was
proven. Furthermore, a comparison of the shape of the depth profile and the radial profile
of the oxygen density showed that the radial depth profiles nearly followed the radial evo-
lution of the oxygen density. Deduced from these results it can be concluded that the etch-
ing process is proportional to the processes involved in the generation of reactive oxygen
species.

2.1.4 Bio-decontamination of polymers

For the fabrication of medical/therapy devices, disposables, and packaging material
polymers are used or at least are part of the final product. The intensive application of
polymers for biomedical purposes is based on the number of advantageous properties,
such as processability, recyclability, mechanical properties, and low cost. Hence, a wide
variety of polymers are applied as artificial biomaterials including polyethylene (PE), poly-
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styrene (PS), poly(methyl methacrylate) (PMMA), polyvinyl alcohol (PVA), polycarbonate
(PC), poly(ether ether ketone) (PEEK). A number of polymers and its biomedical applica-
tions are listed in Tab. 2.1.

Table 2.1 Biomedical applications of polymers (according to [81]).

Polymer Biomedical application
Polyethylene Tubes, catheters
Polypropylene Part of medical devices, blood transfusion bags

Poly(methyl methacrylate)  Dentures, contact lenses, bone cement

Blood pumps, syringes, arterial tubules, hard-tissue replacement,
surgical instruments

Polycarbonate

Polystyrene Disposal, cell culture material

Poly(tretrafluoroethylene) Vascular and auditory prostheses, tubes, catheters
Polyurethane Dental materials, blood-contacting devices, artifical heart
Poly(ether ether ketone) Orthopedic and spinal implants

Polyester Vascular grafts, resorbable system

Owing to their sensitive properties (for instance sensitive to heat) gentle non-thermal
bio-decontamination procedures are required. But, plasma-emitted species are carrying a
large amount of energy which can be transferred to the plasma-exposed surface. Hence,
polymeric materials or medical devices composed of polymers that are bio-
decontaminated by plasma-based processes are exposed to the same reactive species
and the same plasma-initiated processes. Consequently, abiotic surfaces exposed to
plasma can also undergo changes in the surface properties. Especially plasma in contact
with polymers can result in physico-chemical and topological modifications at the surface
like the generation of reactive sites or changes in cross-linking. For the modified polymer
surface altered properties, such as wettability, adhesion, and biocompatibility have to be
considered, too.

Publication 5.1: On the Use of Atmospheric Pressure Plasma for the Bio-
Decontamination of Polymers and Its Impact on Their Chemical and Morpho-
logical Surface Properties — Part Il

The second part of this publication exhibits the influence of gas discharges on the sur-
face properties of polyethylene and polystyrene. The changes in the physico-chemical
surface properties (wettability and elemental composition) and the surface topology for
different process gases were examined. For the given plasma conditions, both polymers
showed an improved wettability. The chemical composition, analyzed by XPS, showed an
incorporation of oxygen and the formation of oxygen-containing functional groups. The
surface topography was studied by means of atomic force microscopy which revealed for
instance the formation of a spike-like texture after plasma treatment. Hence, depending on
the process gas different surface properties have been observed.

Finally, the results, presented in publication 5.1-5.4, have confirmed that the inactivation
of micro-organisms as well as their plasma-initiated removal is mostly based on reactive
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oxygen species while using atmospheric pressure argon or argon-oxygen plasma. Addi-
tionally, synthetic polymers used for modeling bacterial cell components for the investiga-
tion of the degradation process of biological matter by plasma, have shown, that atmos-
pheric pressure plasma is capable to affect the surface properties of plasma-exposed
polymers intensively. Hence, in terms of the safety of the surface properties of the mate-
rial to be decontaminated, finding the balance between the inactivation of micro-
organisms and the modification of surface properties is a difficult task. Certainly, a combi-
nation of the lethal effect and the alteration of surface properties by applying plasma are
not necessarily detrimental. For instance, many conventional synthetic polymers and natu-
ral polymers (e.g. cellulose) have to be equipped with surface properties for specific bio-
medical application, since the presence or absence of functional groups at the polymer
surface determine its response to the environment.

Therefore, an overview of potential plasma-polymer-interactions is given in the following
chapter which has to be considered when atmospheric pressure plasmas are applied for
the bio-decontamination of polymeric surfaces.

2.2 Interaction between plasmal/gaseous phase and polymer

Polymers exposed to plasma are subjected to a continuous bombardment by plasma-
generated species. Moreover, in non-polymerizing gas discharges many processes occur
simultaneously with complex synergetic manner leading to different surface interactions,
schematically shown in Fig. 2.3 (according to [82]).

etching

functionalization
Figure 2.3: Schematic representation of changes in surface properties of plasma-exposed polymers:

Plasma-induced functionalization and etching processes by means of the atmospheric pressure
plasma jet. (LMWOM: low-molecular weight oxidized material)
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It can be distinguished between:

° Polymer etching: Removal of material in chemical and/or physical ways from the
surface or etching of the polymer surface with the release of volatile species and
the formation of low-molecular weight oxidized material (LMWOM).

° Cross-linking: Cross-linking processes are mainly based on impinging (V)UV radia-
tion and occur in the subsurface layer of the material.

° Surface functionalization: Impinging energetic particles break the covalent bonds
at the surface which result in the formation of surface radicals. The latter react with
plasma species to form functional groups at the surface. Typically gases used for
surface functionalization are Ar, He, O,, N, Air, and NHs.

In the following section the effect of plasma species on polymeric materials in terms of
the different mentioned plasma-surface interactions are briefly outlined.

2.2.1 Surface etching

Polymers are very susceptible to degradation processes initiated by reactive plasma
species during plasma treatment which results in the generation of volatile polymer frag-
ments and the formation of non-volatile oligomers called low-molecular weight oxidized
material (LMWOM) [83]. Commonly, intensive surface etching is not desirable for bio-
medical application because the degradation products can lead to the formation of a weak
boundary layer on the treated surface which can have a detrimental effect on applications
where good adhesion is required [84]. The extent of the generated LMWOM depends on
the type of polymer and process conditions. Prolonged plasma treatment initiates stronger
etching processes which result in the release of gaseous degradation products including
CO,, CO, and H,O and further, initiates changes in the morphology/topology of the sur-
face through plasma-based roughening. The extent of etching mainly depends on the
chemical reactivity of the plasma gas and the type of polymer. For example, using oxygen
plasma results in higher etching rates compared to argon plasma. With regard to the
properties of the polymer etching processes appear differently according to the varying
sensitivity of polymers [85]. For instance, amorphous structures are preferably etched
whereas highly ordered (crystalline) regions are more resistant. Furthermore, etching
processes are inhibited by the aromaticity of the polymers or by the tendency of polymers
to undergo cross-linking processes during plasma exposure (e.g. PE) [27]. Cross-linkages
produce structures of high densities which diminish etching reactions on the plasma-
treated polymer, too. The presence of oxygen in the polymer backbone increases the
etching effect [86]. However, plasma-induced surface etching influences the morphology
and topology of the polymeric material which is shown in Fig. 2.4 for polymers of different
chemical structure.
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Figure 2.4: Plasma-induced surfaces roughness: Arithmetic roughness (Ra) of non-treated polymers and
of polymers exposed to argon-oxygen atmospheric pressure plasma (treatment time: 60 s)
(10 x 10 ym, mean = SD, n = 5 each).

Consequently, plasma-etching results in an increased surface roughness in relation to
the non-treated polymer. Furthermore, according to the different etching rates of the
polymer (PMMA > PC > PEEK) the extent of plasma in changing the topology varies re-
markably.

2.2.2 Cross-linking

Noble gas plasma species and VUV/UV photons can initiate surface cross-linking on a
polymer which is characterized by the formation of links (covalent bonds) between the
molecular chains [87, 88]. C-C and C-H c-bonds in organic polymers absorb UV radiation
between A = 60-160 nm (vacuum UV radiation) which can result in ionization and dissocia-
tion of chain molecules. Additionally, due to the electron transition in the m-electron sys-
tem, e.g. in phenyl rings, UV absorption occurs between A = 150-285 nm in aromatic
polymers. At A < 200 nm (> 6.2 eV) chain scissions in the polymer are most likely to occur
which result in the formation of radical sites as well as in the formation of C=C double
bonds [89]. Furthermore, VUV radiation results in cross-linking of the polymer, too. (V)UV
photons are mainly emitted in low-pressure plasma by using noble gases, hydrogen, or
oxygen. Since (V)UV radiation is highly energetic, the impact of these photons can be up
to micrometers in depth of the surface layer depending on the wavelength and the absorp-
tion properties of the polymer [90]. A cross-linked surface yields a stable ordered structure
with high density which acts like a barrier to the diffusion of molecules between the sur-
face and the bulk and hence, limiting the random movement of the polymer chain [88]. For
the stability of the surface properties a higher degree of cross linking can be beneficial.

However, in atmospheric pressure plasmas UV photons are only dominant under spe-
cific operation conditions. Nevertheless, the results obtained in this work revealed that UV
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photons emitted by argon or argon-oxygen plasmas played a minor role in plasma-
surface-interactions.

2.2.3 Surface modification/functionalization

Polymers, especially polyolefins, are chemically inert due to the absence of polar and
reactive functional groups. Plasma-based surface modification of polymers is related to
generate new functional groups on the surface (surface functionalization) which supply
new surface properties. Plasma treatment mostly affects the wettability of the polymeric
surface. Hence, changes in the water contact angle can be observed which is shown in
Fig. 2.5.

non-treated PS Ar APPJ Ar/O, APPJ

O/C: 1.6% CA: 80°] O/C: 13.2% CA: 27° O/C:16.7% CA: 4°

Figure 2.5: Changes in the wetting properties after plasma exposure: Wettability of non-treated PS and
PS exposed to Ar and Ar/O, atmospheric pressure plasma (treatment time: 60 s). Also shown
are the O/C ratios and the measured water contact angle (CA) before and after plasma expo-
sure.

The wettability of the surface is determined by measuring the contact angle (CA) which
is defined as the angle between the solid surface plane and the tangent of the liquid-vapor
interface of a drop [91]. A comparison between the wettability of non-treated and plasma-
treated polymer surfaces reveals an enhanced wetting behavior after plasma exposure
(see Fig. 2.5). Furthermore, the corresponding data on the changes in the elemental com-
position, here expressed as the ratio of the oxygen content to the carbon content (O/C),
exhibit that the wettability is enhanced with increased O/C ratio and thus, with increased
oxygen-containing functionalities. Altered wetting properties result most of all from the
modification of the chemical composition of the surface. This plasma-based surface func-
tionalization is based on the continuous flow of energetic particles which initiates covalent
bond breaking of the polymer surface. Some typical bonds for organic molecules and their
dissociation energy are presented in Tab. 2.2.

Table 2.2 Dissociation energies of different covalent bonds in organic molecules [27].

Type of bond Dissociation energy [eV]

C-C/C-H 3.6-4.3
C=C in benzene 6.1
C=0 7.8
C-O0 3.7
C-N 3.2
C=N 9.3

The high-energy tail of the electron energy distribution of plasma-emitted species and
UV photons is in the range of several electron volts which is sufficient to react with the
surface macromolecules or diffuse into the polymer surface, transferring their energy to
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the polymer, leading to dissociation of chemical bonds in polymers [92]. Consequently, the
impact of these species result in the formation of active reaction sites (i.e. surface radi-
cals) used for surface grafting by incorporation of functional groups. This surface modifica-
tion proceeds via H-abstraction or ablation of side-chains and attachment of atoms pro-
vided by the gas discharge to the surface radicals which is commonly accompanied by C-
C bond scissions, too. Along with chain scissions of the polymer loosely bonded polymer
fragments are created on the surface. Carbon radicals formed during plasma exposure
recombine by forming cross-linkages, while neighboring carbon radicals produce C=C
double bonds. Depending on the used gas a variety of plasma-formed functional groups
are introduced on the polymer surface. For instance, applying oxygen plasma results in
the formation of oxygen-containing groups such as hydroxyls, ketones, or carboxylic
groups which can be determined by surface analytical techniques like X-ray photoelectron
spectroscopy (XPS). XPS provides information about the quantitative and qualitative
changes in the chemistry of the subsurface of materials exposed to plasma [90]. During
XPS measurements X-rays impinge on the surface resulting in the emission of photoelec-
trons from the sample surface whose kinetic energy is measured. This energy is specific
for each element which enables the identification of the elements (except hydrogen) pre-
sent in the outer 10 nm of the surface. Additional to the chemical composition, XPS pro-
vides information on the chemical bonds of the surface. Therefore, high-energy resolution
spectra of characteristics peaks of elements like, C 1s, N 1s, or O 1s are analyzed. From
the binding energy of the peaks, used for the peakfit of the element spectrum, the chemi-
cal bonding can be identified by means of reference data from the literature [93]. Figure
2.6 exemplarily shows the highly-resolved measured C 1s peak including its peakfit of
non-treated PS and PS exposed to atmospheric pressure Ar/O, plasma.
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Figure 2.6: Comparison of the chemical bindings of PS before and after plasma treatment: Highly
resolved C 1s peak of the XPS spectrum of (left) non-treated PS and (right) PS exposed to Ar/O;
atmospheric pressure plasma (treatment time: 60 s).

As evident plasma treatment results in a broadening of the C 1s peak. The fitting proce-
dures of the C 1s peak of non-treated PS and plasma-exposed PS revealed the formation
of new groups assigned to different oxygen-containing functionalities after plasma treat-
ment.

Surface functionalization occurs not only during the plasma treatment, any radicals that
remain on the surface after plasma exposure can react with ambient air which results in
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further incorporation of oxygen. Regarding the stability of the functionalized surface it has
to be considered that the functionalization undergoes aging processes which result in a
gradual decline of the prior incorporated functionalities through diffusion of those from the
outermost layer to the bulk or by oxidation processes in ambient air. This thermodynami-
cally driven mobility of functional groups is also called “hydrophobic recovery” which leads
in some cases to the lost of beneficial functionalization after a few weeks [84].

However, a further limiting factor in the degree of surface functionalization and hence,
the amount of incorporated functional groups is the plasma-induced degradation of the
polymer. This can be observed by analyzing the influence of the plasma treatment time on
the functionalization degree expressed as O/C ratio which is shown in Fig. 2.7.
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Figure 2.7: Influence of the treatment time: Development of the O/C ratio of PS exposed to Ar/O, atmos-
pheric pressure plasma depending on the treatment time.

Figure 2.7 shows the exponential increase of the O/C ratio of polystyrene exposed to
atmospheric pressure plasma. It is well known that with prolonged treatment time a pla-
teau-like region in oxygen (or nitrogen if nitrogen-containing operating gases such as NH;
are used) introduction is reached (constant modified surface layer). This steady state of
functionalization is attributed to the transition of the modification into the etching process.
Hence, in steady state both processes occur simultaneously. This can be explained as
follows: Initial plasma-based oxidation occur on the topmost molecular layer of the sur-
face. Afterwards the subjacent layers are oxidized successively with lower functionaliza-
tion degree (Fig. 2.7: 30-60 s) whereas the topmost layer has reached the maximum O/C
ratio [27]. Hence, further oxidation is accompanied by the release of CO,, H,O, and CO as
well as the formation of LMWOM. Moreover, the prior functionalized surface can be de-
stroyed by etching processes [94].

All these introduced changes in surface properties can be beneficial for further biomedi-
cal application. Moreover, different plasma-based surface treatment strategies have been
developed to graft materials with desired and specific surface properties to overcome the
poor adhesion properties of polymeric materials. In terms of plasma-based surface modifi-
cation for biomedical applications, the intended aim is the grafting of surface either by
incorporation of oxygen- or nitrogen-containing functionalities or by the deposition of func-
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tional thin organic films to improve for instance the wettability, adhesion, and biocompati-
bility. Especially surface properties of materials that are used in medical devices or in con-
tact with biological systems, i.e. biomaterials, are subject of the mentioned plasma proc-
esses.

2.3 Plasma-assisted surface modification of biomaterials for im-
proved cell proliferation

Biomaterials are primarily used for medical applications which include materials that are
used for devices designed to replace a part of a function of the human body (e.g. bone
implants and dental implants), but they are also used to grow cells in culture or as dispos-
ables for biomedical diagnostics in the clinical laboratory [95]. The biocompatibility of
these surfaces is of particular importance for cell attachment and proliferation which can
be controlled by the material’s surface properties whereas the surface chemistry and
structure are considered to be the most determined factors [96]. Hence, polymers in-
tended for biomedical application, must provide specific surface properties for proper func-
tioning of medical devices and for the acceptance of implants. Therefore, in recent years
plasma-assisted surface modification techniques received increasing interest and became
an important topic for surface grafting of biomaterials [97]. Especially two plasma-based
processes are most frequently applied: either surface functionalization or plasma polym-
erization (deposition of nanometer-thick films).

In terms of functionalization the plasma-treated surface is grafted with functional groups
by using different gases or gas mixtures operating at low-pressure or at atmospheric pres-
sure. Depending on the applied process gas the plasma-functionalized materials exhibit
oxygen functional groups and/or nitrogen functional groups which result in enhanced cell
attachment and cell growth [98]. Figure 2.8 exemplarily shows cell culture results of os-
teoblastic cells (MG-63) grown on non-treated polycarbonate and on ammonia plasma-
treated polycarbonate.

EMZUniRo

Osteoblastic cells growth on Osteoblastic cell growth on ammonia
non-treated polycarbonate plasma-treated polycarbonate

Figure 2.8: Influence of surface properties on cell spreading behavior: Osteoblastic cells (MG-63) culti-
vated for 24 h on polycarbonate (left) and plasma-treated polycarbonate (right). Surface treat-
ment conditions: low-pressure microwave plasma (20 Pa, 2.45 GHz), 120 s treatment time.
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Due to the hydrophobic and non-polar character of polycarbonate, cells are not well at-
tached and well-spread on this surface. In contrast, plasma-treated polycarbonate results
in alteration of the surface properties which improves cell attachment and cell growth.

Plasma polymerization is a well-suited method to prepare defined polymeric-like thin
films predominantly on metals and ceramics, but also on polymeric materials. During the
plasma enhanced chemical vapor deposition (PECVD) the organic monomer (precursor)
undergoes dissociation and excitation with subsequent deposition and polymerization of
the excited species on the substrate surface. In contrast to surface functionalization
plasma polymerization allows the deposition of high densities of certain surface functional-
ities realized by the choice of precursor and by tuning processing conditions. Many inves-
tigations exist concerning plasma polymer films for biomedical application which are
mainly obtained by applying low-pressure plasma [99]. But recently, promising atmos-
pheric pressure plasma-assisted techniques have been reported [100]. However, for the
thin-film deposition, intended for improved biocompatibility, different precursors are ap-
plied such as acrylic acid to increases the amount of carboxylate groups or a number of
nitrogen-containing substances including allylamine or ethylenediamine providing high
density of amino groups.

Publication 5.5: Comparison of non-thermal Plasma Processes on the Surface
Properties of Polystyrene and their Impact on Cell Growth

Initial adhesion and spreading of cells are crucial factors for successful performance of
synthetic biomaterial used for cell culture disposables or human medical devices (e.g.
implants). Surface properties which allow the control of attachment of cells are decisive for
the acceptance of the provided material. Hence, different surface preparation techniques
are used to equip surfaces with functional groups to improve initial surface interactions. In
this study polystyrene (PS) surfaces were modified by using different non-thermal plasma
processes. In particular, low-pressure plasma and atmospheric pressure plasma were
applied to modify surfaces or to deposit thin films on surfaces. Furthermore, the behavior
of human osteoblastic cells with respect to cell viability and cell growth on differently
plasma treated polystyrene surfaces are investigated. A comparison is made between
plasma-grafted polystyrene and commercially available polystyrene — such as tissue cul-
ture PS (TCPS) and Primaria™. The cell studies were accompanied by surface analysis
comprising atomic force microscopy (AFM), determination of surface energies, and X-ray
photoelectron spectroscopy (XPS) measurements. This work demonstrates that the func-
tionalization of PS substrates by applying low-pressure and atmospheric pressure plasma
processes are equally effective in improvement of cell attachment and proliferation. Fur-
thermore, it is shown that the enhanced metabolic activity and spreading behavior of os-
teoblastic cells correlate with an increase in surface wettability and the introduction of po-
lar oxygen- and/or nitrogen-containing functional groups after plasma treatment.
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3 Outlook: Atmospheric Pressure Plasma for Bio-
Decontamination of Living Surfaces

As previously shown it is quite feasible to use the atmospheric pressure plasma jet for
an efficient inactivation of micro-organisms without causing substantial damage to the
material’'s surface properties. Moreover, recent advances in the development of cold at-
mospheric pressure plasma sources (less than 40T at the point of application) and their
proven high antiseptic efficacy provide the possibility to extend plasma treatment to hu-
man or animal skin. In particular, the development of plasma sources operating at low
power allowed the utilization of plasmas without causing thermal damage revealing a low
risk connected with skin treatment which is of importance for a clinical setting [101]. Fur-
thermore, the improvement of techniques for the production of stable plasmas at atmos-
pheric pressure is essential for in vivo applications.

The bactericidal effect of non-thermal plasma can be used for instance for tissue where
the use of chemicals for bio-decontamination possess a risk in damaging or for skin dis-
eases where antibiotic resistant bacteria are encountered. Therefore, a prospective field
of application will be therapies of infectious skin diseases like athlete’s foot, yeast infec-
tions, or acne, where the skin is injured but the protective skin barrier is more or less intact
[39]. Preliminary investigations concerning the biological decontamination of skin have
been successfully applied with an atmospheric pressure plasma jet which is similar to that
applied in this work [102]. Furthermore, neither damage to the skin barrier nor skin dry-
ness has been determined after plasma treatment [103].

A further application might be its use for chronic wound disinfection as an addition or
even alternative to antiseptic or antibiotic therapy. Hence, cold atmospheric plasma treat-
ment of living tissue has become a popular topic in modern plasma physics and in medical
sciences.

However, essential for the success of the application of non-thermal plasma on living
surfaces in the future is a deeper fundamental understanding of the physics, chemistry,
and biology of plasma-living tissue interaction. Moreover, to demonstrate a successful
reduction in bacterial load on skin diseases, the implementation of clinical trials is manda-
tory. Additionally, the effect of plasma on the complete wound-healing process needs fur-
ther investigations.

Publication 5.6: New non-thermal atmospheric pressure plasma sources for
decontamination of human extremities

The aim of this publication is to present two newly developed plasma sources, based on
the principle of surface dielectric barrier discharges, and to show their potential application
for the treatment of infectious skin diseases. Furthermore, an electrode arrangement di-
rectly applicable on human extremities is shown. The presented plasma sources are
characterized by a good adaption on complex structured objects. The plasma parameters
and composition and thus antimicrobial effects can be controlled by operation parameters
and gas.
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Both plasma sources operate in a moderate temperature range applicable for therapeu-
tic utilization. The in vitro testing on micro-organisms exhibits promising results. Plasma
inactivation kinetics of E. coli, S. aureus, and C. albicans, which were chosen as possible
colonizer of skin and wounds, revealed lethal effects already after 60 s plasma exposure.
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Abstract Low temperature atmospheric pressure plasma processes can be applied to
inactivate micro-organisms on products and devices made from synthetic and natural
polymers. This study shows that even a short-time exposure to Ar or Ar/O, plasma of an
atmospheric pressure plasma jet leads to an inactivation of Bacillus atrophaeus spores with
a maximum reduction of 4 orders of magnitude. However, changes in the surface prop-
erties of the plasma exposed material have to be considered, too. Therefore, polyethylene
and polystyrene are used as exemplary substrate materials to investigate the effect of
plasma treatment in more detail. The influence of process parameters, such as type of
operating gas or jet-nozzle to substrate distance, is examined. The results show that short-
time plasma treatment with Ar and Ar/O, affects the surface wettability due to the
introduction of polar groups as proofed by X-ray photoelectron spectroscopy. Furthermore,
atomic force microscopy images reveal changes in the surface topography. Thus, nano-
structures of different heights are observed on the polymeric surface depending on the
treatment time and type of process gas.

Keywords Atmospheric pressure plasma jet - Polymers - Decontamination -
Modification - XPS - AFM

Introduction

Heat sensitive materials like polymers used for biomedical applications (e.g. medical
implants) often undergo various pre-treatments to obtain desired physico-chemical surface
characteristics to ensure reliable functionality in the biological environment [1-3]. For
further processing, an activation of the substrate surface is required as well as a sterile
handling. In this case, gas-discharge plasma-based processes are the method of choice,
combining the change of chemical and physical properties of only the outermost layer of
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the polymer surface without affecting the bulk properties and the ability to bio-decon-
taminate the surface at the same time. Furthermore, plasmas have a great potential to
modify and/or bio-decontaminate small and complex-shaped products regarding the
inherent advantages of gas phase processes [4]. A physical plasma is created from a gas
that is dissociated and ionized. It is a quasineutral particle system composed of positively
and negatively charged ions, radicals, electrons, and neutral particles (atoms, molecules)
[5]. Owing to the moderate neutral gas temperatures (at or near ambient temperature), non-
thermal plasmas are more suitable for the sterilization or modification of thermolabile
polymeric surfaces. In particular, atmospheric plasma processes are of growing interest,
since they do not require expensive vacuum systems which reduces the process cost
significantly. Therefore, the number of newly developed plasma sources designed for
surface functionalization and biological decontamination has grown considerably within
the last years [6-9]. Non-thermal plasmas provide several types of active species including
charged particles, radicals, excited metastables, electric fields, and (V)UV radiation, which
are considered to be effective sterilizing agents [10, 11]. However, these plasma-generated
species are not only capable to inactivate micro-organisms, they may also initiate reactions
with polymer surfaces [12]. Hence, it is necessary to investigate the plasma induced
surface modification during antimicrobial treatment in detail, as surfaces modified in this
manner exhibit changes in wettability, elemental composition, and texture (roughness)
leading to alteration of the functionalities [13, 14]. It is thus possible to obtain required
surface bio-decontamination and at the same time improved surface properties to
accomplish biocompatibility, which is especially for biomedical materials of importance.
For instance, chemical functionalities such like hydroxyls, carboxyl groups, ketones, and
aldehydes can be created on the surface during plasma exposure causing an increase of
surface energy and subsequently an improved wettability, which in turn enables a better
adhesion and proliferation of cells [15, 16]. Nevertheless, changes in the surface mor-
phology and topology induced by the plasma treatment facilitate an appropriate biological
response, too [17, 18].

Since gas plasma bio-decontamination/sterilization of heat sensitive materials is con-
sidered to be a prospective alternative to commercial available methods, the present work
is focused on the inactivation of Bacillus atrophaeus spores using argon and argon oxygen
plasma. Furthermore, the inactivation efficiency was compared dependent on the process
gas, treatment time, and operating distance. In parallel with the antimicrobial studies, the
changes in the physico-chemical surface properties of polyethylene (PE) and polystyrene
(PS) were also examined. Therefore, water contact angle measurements, atomic force
microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) were applied. Additional
optical emission spectroscopy (OES) studies were performed to obtain more information
on the species present in the plasma.

Experimental Set Up

Miniaturized Atmospheric Pressure Plasma Jet

The principal set up of the high-frequency (HF) driven (1.7 MHz) miniaturized atmo-
spheric pressure plasma jet (kINPen, INP Greifswald, Germany) is schematically shown in
Fig. 1. The device consists of a grounded ring electrode and a centered rod electrode inside

a quartz capillary (with an inner diameter of 1.6 mm and an outer diameter of 4 mm)
which is coupled to the power source via a matching network. Throughout the experiments
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Fig. 1 a Experimental set-up and scheme of the plasma jet (kINPen). b Photograph of the Ar plasma jet
impinging on a PS substrate at a jet-nozzle to substrate distance of 5 mm

the overall electric power applied to the device was held constant at 65 W (as measured at
the generator output). The plasma source was operated with argon at a flow rate of 5
standard liter per minute (slm) and small admixtures of molecular oxygen of up to 0.05 slm
(1 %0,). Under these conditions, the length of the Ar plasma jet expanding into the
surrounding air was observed to be 12 mm and with 1 % oxygen admixture 5-6 mm from
the nozzle outlet. It has to be noted, that for this reason at a jet-nozzle to substrate distance
(also called axial distance) of 5 mm the Ar plasma jet spreads on the polymeric substrate.
Thus, the impinging jet affects a surface area in the range of 5-7 mm. Further details on
this type of jet are described elsewhere [19, 20]. The plasma treatments were performed
only at one position (localized treatment) of the polymer surfaces which is labeled as
position ‘0.

Polymeric Materials

The experiments were carried out with polyethylene (PE, 200 pm thick, 0.94 g/cm’,
Goodfellow, Germany) and polystyrene (PS, 125 pm thick, 1.02 g/cm®, Greiner, Germany)
as substrate materials. Polyethylene and polystyrene are hydrocarbon polymers with a
simple chemical structure containing no chemical functional groups which facilitates clear
information on the impact of plasma on the chemical surface composition. Furthermore,
these polymers were selected because of their particular relevance in biomedical
applications.

Microbiological Tests
For the microbiological tests endospores of B. atrophaeus spores were used due to their

standardized usage for sterilization processes [22]. Endospores are inactive or dormant
forms of bacteria. Compared to vegetative forms (actively growing) spores are most
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resistant to chemical and environmental factors such as chemical agents, heat, radiation,
and changes in pH.

Inactivation kinetics of micro-organisms by plasma have been realized using polyeth-
ylene and polystyrene strips (3 x 0.9 cm) contaminated punctually with 25 pl of a sus-
pension of B. atrophaeus spores (drop diameter: 3-4 mm) and dried under aseptic
conditions. The plasma-treated strips as well as the non-treated strips (control) were
transferred into tubes containing 10 ml sterile tryptic soy broth and agitated for 15 min on
a Biihler shaker to remove vital and destroyed spores. Afterwards, the culture vessels were
put into a water bath of 80 °C for 10 min to destroy vegetative germs. The spore con-
centration was quantified via dilution series by the surface-spread plate count method using
agar plates (Caso, Merck) and is given as colony forming units per object (CFU/object).
The plates were incubated for at least 20 h at 36 °C. For each experiment three samples
were treated at a time under the same conditions for statistics.

Surface Analysis

Contact angle measurements on the polymer surfaces were performed under ambient air at
room temperature by the sessile drop method using a Digidrop contact angle analyzer
(GBX Instrumentation Scientifique, France) and a drop of distilled water with a defined
volume (0.5 pl). The contact angle was measured through the zone of the locally plasma-
treated polymer (line scan) with a step width of 3 mm. The contact angle of the resting
drop was determined utilizing the software Windrop. The chemical composition of the
surfaces was measured ex-situ with X-ray photoelectron spectroscopy (XPS) (Axis Ultra,
Kratos, Manchester, UK) utilizing monochromatic aluminum K, irradiation at 1,486.6 eV.
Charge neutralization was implemented by low energy electrons, injected in the magnetic
field of the lens from a filament located directly atop the sample. The spot size was ca.
250 pm in diameter. Wide scans and element spectra were recorded at a pass energy of
80 eV for the estimation of the chemical element composition and at a pass energy of
10 eV for the highly resolved measurements of the C Is peak, respectively. Data acqui-
sition and processing were carried out using the software CasaXPS, version 2.14.dev29
(Casa Software Ltd., Teignmouth, UK). A line scan through the centre of the plasma-
treated zone of the polymeric substrates was recorded with a step size of 0.5 mm. All
values are given in XPS atomic percent. Curve-fitting of the highly resolved C 1s region
was performed to characterize the chemical structure of the polymeric surface using
Gaussian—Lorentzian distribution and a linear baseline. The full width at half maximum of
the C 1s components was 1.2 eV for high energy resolution measurements. Atomic force
microscopy (AFM) provides the determination of the surface topography before and after
plasma treatment. The AFM analysis was performed with a scanning probe microscope
diCP-II (Veeco Instruments, Santa Barbara, USA) in the non contact mode, especially
tapping mode. An area of 10 x 10 pm was scanned using a pyramidal silicon tip doped
with n-type phosphorus with a resonance frequency of 273-389 kHz and a force constant
of 20-80 N/m (Veeco, RTESPA-CP). Five areas were recorded for each sample and
analyzed by means of the software SPMLab Ver. 6.0.2 (Veeco).

Optical Emission Spectroscopy
For the optical emission spectroscopy (OES) a dual channel fiber optical spectrometer

(Avantes AvaSpec 2048-2-USB2) was used. The first channel operated in the range of UV/
VIS (200-450 nm) with a grating (600 lines/mm, Blaze 250 nm) and a 25 pm slit. The
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resolution of this channel was 0.6 nm. Channel two operated in the range of 450-950 nm
(25 pm slit, 600 lines/mm, Blaze 500 nm) with a resolution of 0.7 nm. The channels were
linked to a y-cable, which had a 0.6 mm core and was coupled with a second fiber
(diameter 1 mm). The spectra were normalized to the exposure time and relatively cali-
brated. The OES spectra were recorded side-on, i.e. the fiber was located lateral to the jet
plasma, from the jet-nozzle up to the end of the plasma jet and analyzed using the software
Spectrum Analyzer [21].

Results and Discussion
Antimicrobial Treatment

Bio-decontamination (inactivation or removal of micro-organisms on surfaces) or sterili-
zation (complete absence of all viable micro-organisms) of surfaces has become one of the
most important topics in gas-discharge based surface treatment [22, 23]. Especially for
sensitive surfaces and goods which cannot be treated with conventional sterilization
methods, such like heat sterilization, alternative and non-invasive approaches have to be
evaluated. Gas-discharges are well-suited for treating sensitive substrate surfaces, e.g. of
thermolabile substrates like polymers. Therefore, different plasma sources were developed
with the purpose of bio-decontamination and additionally, the process of plasma-induced
inactivation of bacteria cells is well discussed [4, 22]. Hence, only a brief outline is given
here about the bio-decontamination potential of the applied plasma jet by using B. atro-
phaeus spores as test organism.

Plasma inactivation kinetics of B. atrophaeus spores for different operating gases and
axial distances are depicted in Fig. 2. In particular, in Fig. 2a the spore viability (counts of
colony forming units (CFU)) after plasma exposure applying different gas mixtures as a
function of treatment time is plotted. As process gases pure argon and argon with
admixtures of 0.2 and 1 % oxygen were used. The dashed line in this figure represents the
detection limit of 100 CFU/object caused by the used method. If no spores were found on
the samples the value of the detection limit was used. As shown in Fig. 2a the number of
CFU was reduced with increasing treatment time. In terms of the process gas an enhanced
plasma inactivation efficacy of B. atrophaeus spores was observed when oxygen was
added. Particularly, for treatment times above 30 s considerable differences concerning the
microbicidal efficiency of Ar and Ar/O, plasma were observed. Thus, by using oxygen
admixtures an increase of the lethal effect by one log reduction was observed. Furthermore,
dependent on the amount of added oxygen an improved lethal effect was achieved with the
highest feasible oxygen admixture of 1 %. Hence, a maximum reduction of four orders of
magnitude of the initial concentration was obtained after a treatment time of 180 s using
A1/O;, (1 % O) plasma (see Fig. 2a). The mechanism of the microbicidal action of plasma
results from different plasma-generated species. In detail, the lethal effect of argon plasma
is mainly based on (V)UV radiation validated by optical emission spectroscopy, which for
example exhibits lines in the UV-B, UV-A, and VUV region [19, 20, 24]. Lange and von
Woedtke investigated the influence of (V)UV radiation of the atmospheric pressure plasma
jet on the inactivation of B. atrophaeus spores and found that this radiation is crucial for
the lethal effect when pure argon is used [22]. However, when oxygen is admixed to the
argon plasma reactive species like O and Oj are generated, which are known for their
antimicrobial effect and consequently increase the bacteria inactivation significantly
[25, 26]. Figure 3 exemplarily shows optical emission spectra of Ar plasma and Ar/O,
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Fig. 2 Inactivation curves of B. atrophaeus spores (number of viable micro-organisms in CFU/object):
a after Ar (open square), Ar + 0.2 % O, (open circle), and Ar + 1 % O, (open triangle) plasma treatment
on punctually contaminated PS strips. The jet-nozzle to substrate distance was 5 mm. b exposed to Ar (filled
symbols) and Ar + 1 % O, (open symbols) plasma at jet-nozzle to substrate distances of 5 mm (circles) and
12 mm (squares) on punctually contaminated PE strips. The dashed horizontal line indicates the detection
limit. (mean + SD, n = 3 each)
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Fig. 3 Typical optical emission spectra of Ar (lower graph) and Ar/O, (1 % O,) (upper graph) plasma
recorded side-on close to the jet-nozzle (axial position of 3 mm). The inset in the lower graph shows the
magnification for wavelengths between 290 and 400 nm in the Ar gas discharge

(1 % O,) plasma recorded at a distance of 3 mm from the nozzle outlet. The emission
spectrum of the argon discharge in the visible range was dominated by atomic lines of
argon whereas in the region between 300 and 400 nm emission of OH at 308 nm and of the
second positive system of molecular nitrogen N, at 337 nm were observed. The OES
spectrum of argon-oxygen plasma showed high intensity lines of atomic oxygen at 777 nm
and at 844.6 nm which are caused by the dissociative excitation and the direct excitation
processes. The intensities of OH and N, lines were comparatively weak. Consequently, the
admixture of oxygen results in quenching of N, and OH lines [27]. The spectrum of Ar
plasma showed also a slight emission of oxygen but the emission intensity of atomic O (Ip)
at 844.6 nm compared to the emission intensity of Ar (I5,) at 750.4 nm for the two
different process gases showed distinctive differences. The Io/I4, ratio of the Ar discharge
was 0.07 whereas an I/l 5, ratio of 0.87 was determined for the Ar/O, discharge. Thus, the
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emission of excited atomic oxygen was ten fold higher when 1 % oxygen was added.
According to this result and due to the fact that the excitation and generation of N, and OH
is suppressed when oxygen is added it can be assumed, that the enhanced lethal effect of
Ar/O, plasma might derive from the presence of plasma-generated reactive oxygen spe-
cies. Dobrynin et al. [28] also studied the influence of the gas composition on the inac-
tivation of bacteria and pointed out that oxygen is required for fast and effective bio-
decontamination. However, not only the process gas has an influence on the inactivation
efficacy but also the operating distance which is displayed in Fig. 2b for Ar and Ar/O,
(1 % O,) plasma. For this purpose polymeric samples were positioned at a distance of
5 mm up to 12 mm from the jet-nozzle. Figure 2b shows that the inactivation efficiency
was decreased when the jet-nozzle to substrate distance was increased, most of all when
oxygen was admixed. This experimental observation can be attributed to the longer
pathway of reactive species, the short lifetimes of oxygen atoms (in the range of ms [29]),
and the reaction with ambient air, so that the number of reactive species reaching the
surface and potentially inactivating the micro-organisms is reduced. Additionally, it can be
assumed that the area of the polymer strip covered by the plasma is distinctly lessens with
increasing operating distance, especially when oxygen is added due to the reduced length
of the jet’s effluent. Therefore, at a jet-nozzle to substrate distance of 12 mm a reduction
by one order of magnitude was observed after 420 s of Ar/O, plasma exposure while at a
jet-nozzle to substrate distance of 5 mm only 30 s were needed to obtain the same result.
Based on these observations further OES measurements were performed to investigate the
axial distribution of excited species generated by Ar (Fig. 4a) and Ar/O, plasma (Fig. 4b,
note that the axial distance is reduced to 7 mm because of the shortened plasma jet when
oxygen is admixed). The results obtained from the optical emission spectroscopy revealed
that the intensity of the excited species of Ar, OH, and O was highest close to the nozzle
outlet and decreased towards the end of the plasma jet. This observation correlates very
well with the decreased lethal effect of plasma at higher axial distances. In contrast, the
intensity of the second positive system of N, increased with the distance to the jet-nozzle
showing a maximum at a distance of 9 mm in the Ar discharge (Fig. 4a) which was also
observed by Bornholdt et al. [30]. This result indicates the interaction of the ambient air
with the jet effluent leading to the excitation of nitrogen. Bornholdt et al. assumed that
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Fig. 4 Intensity of excited species (Ar: 750.4 nm, O: 844.6 nm; OH: 308 nm N,: 337 nm) in a Ar plasma
and b Ar/O, (1 % O,) plasma depending on the axial distance
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especially excited (metastable) argon atoms and UV radiation are involved in the gener-
ation of N,.

It should be noted that the influence of heat produced by the plasma jet on the inacti-
vation of B. atrophaeus spores can be excluded here. Spores of B. atrophaeus are coated
with a complex multilayer (spore coat) composed of several proteins which increase the
resistance to the antimicrobial effect of chemical and physical components [31]. Fur-
thermore, Brandenburg et al. showed that a hot air stream with temperatures between 80
and 90 °C did not reduce the initial spore concentration due to the high temperature
resistance of B. atrophaeus spores [32]. Additionally, the atmospheric pressure plasma jet
offers the possibility to operate in the burst mode (constant period of HF voltage supply—
plasma on—is followed by a break period—plasma off) which can reduce the temperature
load of the target without losing the antimicrobial efficacy. For detailed information the
interested reader is referred to Weltmann et al. [19].

Summarizing, the admixture of oxygen and a short distance between the jet-nozzle and
the substrate are needed with this plasma jet for a sufficient bio-decontamination. Similar
results were published by Lim et al. [26]. He achieved the best inactivation adding oxygen
to the argon plasma jet operating at short exposure distances with a reduction factor of 6
after 30 s Ar/O, plasma. Whereas Brandenburg et al. [32] obtained a reduction of 4 orders
of magnitude after 420 s using pure argon plasma at atmospheric pressure.

Surface Modification

Besides the antimicrobial effects the plasma-induced physico-chemical properties of the
polymeric surfaces were studied as well. In particular the influence of the plasma treatment
on the polymer modification and etching was of interest here. The physico-chemical
properties are of importance since they determine adhesion, repulsion, and wettability of
the newly generated interface.

The radial profile of the wettability after plasma treatment, in detail the evolution of the
water contact angle on polyethylene and polystyrene along a line crossing the substrate
centre with a step size of 3 mm, is shown in Fig. 5. Note, that ‘0’ represents the position of
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Fig. 5 Radial profile of the water contact angle on a PE and on b PS after Ar plasma treatment depending
on treatment time (mean = SD, n = 3 each). The jet-nozzle to substrate distance was 5 mm. Also shown in
Fig. 5a is a schematic plot of the dimension of the active plasma zone under the given treatment conditions
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the localized jet treatment. These measurements were performed to obtain initial infor-
mation on the altered surface properties immediately after plasma treatment. Since the
water contact angle measurements were restricted to the sessile drop method the data
presented here indicate changes in the wettability of the polymer only. Furthermore, the
variation of the contact angle across the substrate exhibited the extensive impact of the
plasma on the surface properties. Anyway, it was possible to receive general information
on the influence of the plasma treatment on the surface wettability. E.g., the initial contact
angle of 100° was reduced to a minimum contact angle of 40° after 30 s plasma treatment
for PE (Fig. 5a) and from 90° to 5° after 1s plasma treatment for PS (Fig. 5b), respectively.
Furthermore a time-dependent broadening of the profile was observed due to a radial
flowing afterglow of the plasma jet [33, 34]. Thus, a surface modification beyond the
impinging jet was caused after a few seconds, already. Additionally, the contact angle
measurements showed that the maximum contact angle reduction was achieved within a
few seconds of plasma exposure and that it reached a constant value shortly after. The
radial distribution of the contact angle showed different profiles for PE and PS. For PE a
single minimum at the centre of the substrate (at position ‘0’) was observed with a
broadened profile with increasing treatment time (Fig. 5a). PS showed a similar tendency
for short treatment times only. After longer treatment time (>10 s) another effect was
observed. In addition to the center dip a ring-shaped minimum appeared, indicated as two
side-minima in the radial profile of PS (Fig. 5b). The width of the centre dip was nearly
constant for all treatment times whereas a broadening of the total modified area with
treatment time was observed too. The influence of the jet-nozzle to substrate distance on
the wettability of PE and PS showed minimal changes. The inset in Fig. 6 displays the
evolution of the water contact angle of PE determined at different axial distances after 60 s
Ar plasma treatment. Even at higher axial distances (above 15 mm) a hydrophilicity of the
polymer surface was observed. In comparison to small distances, where the contact angles
varied between 33 and 44°, the contact angles were here between 48 and 52°. Regarding
the effect of the process gas on the surface wettability, different oxygen admixtures (up to
1 %) did not result in remarkable differences compared to pure Ar plasma [33]. For a more
detailed understanding of the plasma-assisted surface functionalization the chemical

45
40
355

30+
25+

510 15 20 25
20 Axial distance [mm] I"
15 !
104

54

O/C ratio [%]

40 30 20 -10 0 10 20 30 40
Radial distance [mm]
Fig. 6 Radial profile of the O/C ratio of PE exposed to Ar plasma for 60 s at jet-nozzle to substrate

distances of 5 (straight line with dash) and 12 mm (straight line). Inset: Dependence of the water contact
angle (WCA) on the jet-nozzle to substrate distance (Treatment conditions: Ar plasma, 60 s)
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composition of the polymer surface and the carbon binding state of PE and PS before and
after plasma treatment was investigated by XPS. Table 1 contains the elemental compo-
sition of PE and PS dependent on the process gas and treatment time determined at position
‘0’ of the polymeric surface. In general, non-treated PE and PS are only composed of
hydrocarbons. Nevertheless, XPS analysis revealed residues of oxygen (O/C <0.5 %) on
non-treated PE and PS associated with contaminations of the surrounding air. However, the
results presented in Table 1 indicate a significant oxidation of plasma-treated surfaces
which is shown by the remarkable increase in the oxygen-content after plasma exposure
which is caused by reactions of plasma-generated active surface sites with oxygen-con-
taining radicals from the plasma or by post-plasma processes with ambient air. Further-
more, with prolonged treatment time the O/C ratio of the PE and PS surface was increased.
In terms of different process gases a further increase of the O/C ratio after Ar/O, (1 % O,)
plasma was observed. Besides oxygen also nitrogen and silicon were detected. Nitrogen
was observed on PE and PS after Ar plasma treatment only but not after Ar/O, exposure
ascribe to the suppression of the N, production when oxygen is admixed. The silicon
originated probably from the quartz capillary of the jet or from contamination of the
polymer caused by the manufacturing process because silicon was not detected for every
measurement after plasma treatment. Since the plasma-modified surfaces showed
remarkable changes in the carbon and oxygen content, only the O/C ratio will be discussed
in more detail. Radial profiles of the O/C ratio for PE and PS after 60 s Ar plasma exposure
are exemplarily shown in Figs. 6 and 7. In particular, Fig. 6 shows the radial profile of the
O/C ratio on plasma-treated PE dependent on the jet-nozzle to substrate distance. It was
found that at an axial distance of 5 mm, the evolution of the O/C ratio on the PE surface
can be observed across 50 mm, while the modified area at an axial distance of 12 mm was
reduced to a width of 20 mm. Furthermore, the maximum O/C ratio decreased with axial
distance which consequently resulted in a decreased hydrophilicity which is shown in the
inset of Fig. 6. Besides the decreasing wettability with decreasing O/C ratio, further dif-
ferences concerning the variation of the O/C ratio can be observed. Whereas at a jet-nozzle
to substrate distance of 5 mm the incorporation of oxygen starts far away of the impinging
jet, the oxygen content determined at a distance of 12 mm was highest in the centre of the
plasma treatment. However, a comparison of the radial profile of the O/C ratio obtained for
PE (Fig. 6, dashed line) and PS (Fig. 7, solid line) after 60 s Ar plasma treatment showed

Table 1 Surface chemical composition (in atom %) of PE and PS dependent on the treatment time and the
gas mixture composition (5 slm Ar and 5 slm Ar + 0.05 slm O,)

PE PS

c o} o/C C 0 o/C
Non-treated 99.7 0.3 0.3 99.5 0.5 0.5°
30 s Ar 84.9 15.1 17.8 88.9 10.1 11.4
30 s Ar/O, 85.1 14.9 17.5 85.6 13.3 15.5°
60 s Ar 86.1 13.2 15.5° 86.6 134 15.5
60 s Ar/O, 85.9 14.1 16.4 86.2 13.8 16.0
180 s Ar 86.0 13.4 15.6° 84.5 14.0 16.6*°
180 s Ar/O, 84.1 15.8 18.8° 83.5 15.7 18.8°

* Traces of N <0.9 %
® Traces of Si <0.8 %
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some distinct differences. While the O/C ratio on PS was at its maximum in the centre of
the polymer (position ‘0’) (Fig. 7), the highest O/C ratio on PE was besides the area where
the jet directly impinged the surface (Fig. 6). Furthermore, Fig. 7 clearly indicates the
correlation between the radial profile of the wettability and the radial distribution of the
O/C ratio of PS. The lowest water contact angle was measured where the highest O/C ratio
was determined. It is well known that the incorporation of oxygen on the polymeric surface
results in the formation of functional groups. Therefore, the changes in carbon bindings
were analyzed by fitting the high resolution C 1s peak. Figure 8 shows the highly resolved
measured C 1s spectra of non-treated PE (Fig. 8a) and PS (Fig. 8b) compared to the treated
ones. The C 1s spectrum of non-treated PE (dashed line) showed the expected C-H/C—
Cuiph binding at a binding energy (BE) of 285.0 eV whereas the C 1s spectrum of non-
treated PS (dashed line) was mainly composed of C—C,,,,, binding at BE of 284.6 eV
(carbon atoms in the phenyl ring), C-H/C—Cjp, at BE of 285.0 eV (aliphatic carbon), and
the characteristic m—n* shake-up transition at BE of 291.7 eV arising from the electrons
of the aromatic ring [35]. Curve-fitting of the highly resolved C 1s peak of PE after 60 s Ar

(A) (B)

C-CIC-H

i C-CIC-H

ot T v

non-treated PS

non-treated PE
200 288 286
Binding energy [eV]

204 202 200 288 286 284
Binding energy [eV]

284

Fig. 8 Highly resolved measured C 1s peak of: a non-treated PE (straight line with dash) and Ar plasma-
treated PE. Also shown is the peak fit of plasma-exposed PE. b non-treated PS (straight line with dash) and
Ar plasma-treated PS. The inset contains the magnification of the peak fit of plasma-treated PS. (Treatment
conditions: 5 mm jet-nozzle to substrate distance, 60 s)
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Fig. 9 10 x 10 um AFM images (2-D and 3-D) of PS exposed to Ar (for b: 30 s; ¢: 60 s; d: 180 s) and Ar
+ 1 % O, (for e: 30 s; f: 60 s; g: 180 s) plasma. The jet-nozzle to substrate distance was 5 mm. Image
a represents non-treated PS. The AFM images were recorded at position ‘0’ of the polymeric substrate

plasma treatment exhibited five components positioned at binding energies of 285.0, 286.0,
286.6, 287.9, and 289.3 eV assigned to -C—C/-C-H, —C-N, —-C-0 (hydroxyl, ether), —-C=0
(ketone, aldehyde), and -O—C=0 (carboxylic groups, ester), respectively (Fig. 8a). For PS
an additional peak at 290.3 eV can be observed after plasma treatment, which was
attributed to —O—(C=0)-0O (carbonate) groups. The appearance of —O—(CO)-O bindings
represents highly oxidized carbon which is characterized by the maximum concentration of
bonded oxygen. The formation of —O—(CO)-O is based on the interaction of oxygen with
the aromatic phenyl rings which results in ring breaking. Therefore, the C 1s high reso-
lution spectrum of PS before and after plasma treatment showed a decrease in the intensity
of the m— n* shake-up peak from 6.5 to 2.6 % as well as a decrease in the intensity of the
C—Crom binding from 62.4 to 49.5 % after plasma treatment. Besides the functionalization
of hydrocarbons by oxidation reactions, the surface ablation process is a further effect of
plasma treatment which becomes more and more dominant at longer plasma exposure [36].
It is most likely that etching processes are based on chemically reactive species produced
by admixture of oxygen. Thus, a breaking of C—C/C-H bonds is initiated, causing the
release of low molecular weight fragments, CO,, and H,O [37]. Certainly, the etch process
influences the surface texture which in turn depends on the process gas [38, 39]. The
change in the surface topography of PS with respect to the type of gas and treatment time
(30, 60, and 180 s) is shown by selected representative 10 x 10 um 2-D and 3-D AFM
images in Fig. 9. Figure 9a displays the surface topography of non-treated PS character-
ized by a lamellar structure due to manufacturing process. After 30 s exposure to Ar
(Fig. 9b) and Ar/O; (1 % O,) plasma (Fig. 9e), the topography of PS showed no significant
changes, the lamellar structure is still visible, only a few surface grains appeared at the
surface which was also observed by Teare et al. [40]. PS samples exposed to Ar and Ar/O,
plasma for 60 s exhibited initial changes in the surface topography characterized by the
appearance of several small nanostructures on their surfaces (Fig. 9c, f). Long-time plasma
treatment with exposure times above 180 s led to an increase of the number of grains and
the formation of spikes of considerable height. The difference between the surfaces treated
with Ar and Ar/O, plasma is noticeable: after Ar/O, plasma treatment the surface was
characterized by a multitude of spikes and grains, the lamellar structure of the non-treated
PS was not recognizable anymore. Furthermore, the spikes on the Ar plasma treated PS
surface were not as dense packed as on PS after 180 s Ar/O, plasma exposure. These
dramatic changes in the surface topography can be attributed to the admixture of oxygen
leading to the generation of chemically reactive species etching the polymer surface. The
results of the determined surface roughness R, and R, varied between 2-3 nm for R, and
2-4 nm for R, respectively, independent on whether the PS surface is exposed to plasma
or not. Hence, the R, and R, values are not indicative of showing differences concerning
the topography of non-treated and plasma-treated PS. Nevertheless, some insight can be
gained from the information on the particle size extracted from the corresponding histo-
gram of the AFM images depicted in Fig. 10. The histogram of an AFM image is a height
distribution function and provides information on the probability that a spot has a defined
height on the scanned area. Figure 10 shows, that the distribution of the particles sizes after
plasma treatment was different compared to that of the non-treated PS. Whereas the
particle size of the structure on the non-treated PS surface (Fig. 10a) varied between 20 and
40 nm a shift was observed to smaller size values after plasma treatment (Fig. 10b—d),
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Fig. 10 Histogram derived from the topographic AFM data of: a non-treated PS, b after 30 s Ar plasma,
¢ after 180 s Ar plasma, and d after 180 s Ar/O, plasma, respectively

most of all after long-time plasma treatment (Fig. 10c, d). Briefly, 180 s Ar/O, plasma
exposure led to the formation of a uniform surface with spike-like structures and grains
showing particle sizes between 5 and 10 nm (Fig. 10d). A similar result was observed for
plasma-treated PE. Figure 11 shows a characteristic selection of AFM images of non-
treated PE (Fig. 11a) and of PE exposed to Ar plasma (Fig. 11b) and to Ar/O, (1 % O,)
plasma (Fig. 11c) for 180 s. The non-treated PE surface was found to be considerably
rougher (the R, value varied between 20 nm and 30 nm) compared to PS and its structure
was more granular and hilly. However, a change in the topography of PE was observed
after plasma treatment, too. The Ar plasma-treated PE surface was uniformly covered with
spikes of similar height whereas Ar/O, plasma-treated PE exhibited a surface of densely
packed spikes containing many huge spikes. The influence of the jet-nozzle to substrate
distance on the morphological changes of the polymers was also investigated. For instance,
PS exposed to Ar/O, plasma for 180 s at a jet-nozzle to substrate distance of 12 mm
showed no morphological differences compared to the non-treated PS (data not shown).
After 180 s Ar plasma exposure a few little grains were found on the PS surface. Deduced
from these results it can be assumed that etching processes decline with increasing dis-
tances to the jet-nozzle which was already reported previously [33].

Conclusions and Outlook

The presented study demonstrated the plasma-based bio-decontamination efficiency of an
atmospheric pressure plasma jet operated with argon and different admixtures of molecular
oxygen. Plasma inactivation kinetics of B. atrophaeus spores indicated that the optimum
lethal effect depends on the type of feed gas and the jet-nozzle to substrate distance.
Therefore, a maximum reduction of viable number of micro-organisms was achieved after
180 s argon-oxygen (with an admixture of 1% oxygen) plasma operating close to the jet-
nozzle. Moreover, it was demonstrated that reactive oxygen species play a determinative
role in non-thermal plasma bio-decontamination. Furthermore, this contribution showed to
what extent the plasma dose, required for bio-decontamination, influenced the chemical
and morphological surface properties of polymers. For the given plasma conditions, all
polymers showed a decrease of the contact angle after a few seconds treatment time.
Despite the localized plasma treatment in the centre of the substrate, a considerably larger
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Fig. 11 10 x 10 pm AFM images (2-D and 3-D) of PE. a non-treated PE, b after 180 s Ar plasma
treatment, ¢ after 180 s Ar + 1 % O, plasma treatment. The jet-nozzle to substrate distance was 5 mm. The
AFM images were recorded at position ‘0’ of the polymeric substrate

region was modified far away from the impinging jet. The elemental distribution of PE and
PS recorded by X-ray photoelectron spectroscopy showed an incorporation of oxygen due
to C—C/C-H bond breaking and the formation of oxygen-containing functional groups,
especially C-0, -C=0-, and O=C-0O groups. Apart from surface functionalization, also
etching processes occurred during the plasma treatment. Etching processes resulted in the
formation of a spike-like texture of PE and PS especially when oxygen was added to the
argon plasma. Summarizing, short plasma treatment times led to inactivation of micro-
organisms and to an effective change in surface properties, for instance of the surface
wettability. The plasma assisted improved hydrophilicity and the creation of specific
oxygen functionalities on the polymer surface revealed the possibility to enhance the field
of applications. Thus, a careful choice of plasma parameters allows for a user-defined
tailoring of the surface properties. Since the atmospheric pressure plasma jet can be
operated at low temperatures, it offers a promising method of decontamination and
modification of heat sensitive material. With regard to cell adhesion, biological response to
polymeric materials depends strongly on surface chemistry and structure. Further studies
will be performed to investigate the effect of plasma functionalization on cell behavior.
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Abstract

Introduction: The medical use of non-thermal physical plasmas is intensively investigated for sterilization and surface
modification of biomedical materials. A further promising application is the removal or etching of organic substances, e.g.,
biofilms, from surfaces, because remnants of biofilms after conventional cleaning procedures are capable to entertain
inflammatory processes in the adjacent tissues. In general, contamination of surfaces by micro-organisms is a major source
of problems in health care. Especially biofilms are the most common type of microbial growth in the human body and
therefore, the complete removal of pathogens is mandatory for the prevention of inflammatory infiltrate. Physical plasmas
offer a huge potential to inactivate micro-organisms and to remove organic materials through plasma-generated highly
reactive agents.

Method: In this study a Candida albicans biofilm, formed on polystyrene (PS) wafers, as a prototypic biofilm was used to
verify the etching capability of the atmospheric pressure plasma jet operating with two different process gases (argon and
argon/oxygen mixture). The capability of plasma-assisted biofilm removal was assessed by microscopic imaging.

Results: The Candida albicans biofilm, with a thickness of 10 to 20 um, was removed within 300 s plasma treatment when
oxygen was added to the argon gas discharge, whereas argon plasma alone was practically not sufficient in biofilm removal.
The impact of plasma etching on biofilms is localized due to the limited presence of reactive plasma species validated by
optical emission spectroscopy.

Citation: Fricke K, Koban |, Tresp H, Jablonowski L, Schréder K, et al. (2012) Atmospheric Pressure Plasma: A High-Performance Tool for the Efficient Removal of
Biofilms. PLoS ONE 7(8): e42539. doi:10.1371/journal.pone.0042539

Editor: Maria Gasset, Consejo Superior de Investigaciones Cientificas, Spain
Received February 22, 2012; Accepted July 9, 2012; Published August 6, 2012

Copyright: © 2012 Fricke et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by a grant from Bundesministerium fir Bildung und Forschung (BMBF) - Federal Ministry of Education and Research, grant
no. 13N9779 and 13N11188. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: k.fricke@inp-greifswald.de

Introduction ature of non-thermal plasmas and, above all, the possibility of their
generation at atmospheric pressure conditions, the application of
these plasmas on living tissues is possible [3]. The effect of non-
thermal plasmas on the inactivation of micro-organisms has been
extensively studied over the past decade [4] concluding that
effective inactivation of micro-organisms is based on plasma-
generated highly reactive agents including UV photons, oxygen
species (O, , Os, O), charged particles as well as electric fields
[5,6,7,8]. Inactivation of microbial pathogens is important, but a
further challenging task is the complete removal of killed micro-
organisms and their organic remnants by physical plasmas. Plasma
appears to be a promising technique to eliminate organic material
from surfaces without having toxic residue effects [9] and without
damaging the underlying surface.

Biofilms are a serious medical problem [10,11]. They consist of
a complex system of micro-organisms embedded within a self-
produced extracellular matrix [12]. The extracellular matrix
stabilizes the biofilm architecture, embeds essential materials like
nutrients from the surrounding environment, and provides a
certain degree of resistance against environmental threats,

Physical plasmas are fully or partially ionized gases which are
generated by supplying energy to gaseous medium leading to
dissociation of molecular bonds and ionization reactions. Hence,
plasma consists of positively and negatively charged ions, electrons
as well as neutral atoms and molecules (e.g. radicals) [1].
Furthermore, depending on the ionized gas, ultraviolet radiation
can be emitted. Plasma can be categorized in high temperature or
low temperature plasmas. The latter group of plasmas is subject of
the present paper. In low temperature plasmas noble gases, such as
argon and helium, and chemically active gases (e.g. oxygen and
nitrogen) are commonly used. Moreover, low temperature plasmas
are classified by the temperature of all species (electrons, ions, and
neutral species) in thermal and non-thermal plasmas [1]. Owing to
its low neutral gas temperature (near or around room temperature)
non-thermal plasmas may offer new biomedical applications such
as bio-decontamination or sterilization of heat sensitive materials
(e.g. polymers) and modification of surfaces for subsequent medical
applications [2]. Furthermore, due to the moderate gas temper-
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antimicrobial agents, and the host immune response [13].
Pathogenic biofilms are involved in 65% or more of nosocomial
infections [14]. For instance, C. albicans is considered as the most
prevalent fungal biofilm-forming pathogen which causes life-
threatening infections by colonizing polymers used for medical
devices, such as dental material, stents, prostheses, implants, and
catheters [13]. Therefore, C. albicans biofilm was used as a
prototypic biofilm in this study. To minimize the risk of infections,
surfaces can be cleaned and disinfected with different methods
including ultrasound, ionizing radiation, and antimicrobial agents
[15]. In general, for the removal of biofilms the mechanical
procedure is the method of choice, because antimicrobial agents
cannot penetrate into and inactivate biofilms [11,16]. But among
the conventional techniques, research efforts have led to the
development of alternative methods for the elimination of micro-
organisms by applying non-thermal plasmas. The possibility to
remove biological contaminants using physical plasmas was first
mentioned by Whittaker et al., which investigated the application
of low-pressure plasma for cleaning of endodontic files [17]. Since
then, only few scientists have done investigations in the field of
plasma-assisted etching of biological substances. Baxter et al.
studied the removal of prions from surgical instruments exposed
for one hour to Ar/Oj low-pressure plasma [18]. Rossi el al.
reported an etching rate of 20 nm/s for a protein layer of bovine
albumin which was exposed to Ar/Oy plasma at low-pressure
[19]. However, these studies were focused on using vacuum
plasma technologies to eliminate proteins. In recent years, a lot of
effort has been put into the development of non-thermal plasma
devices operating at atmospheric pressure. But so far, little is
reported on the application of atmospheric pressure plasma for
etching of organic substances. In particular, the capability of
atmospheric pressure plasma for the elimination of complex
biological systems (e.g. biofilms) is not extensively studied, yet.
Ermolaeva et al. investigated the bactericidal effect of several
minutes of Ar plasma on Pseudomonas aeruginosa biofilms [20]. Rupf
et al. studied the removal of dental biofilms by means of an
atmospheric pressure plasma jet operating with helium as well as a
combination of plasma and water spray [21].

In preliminary studies the impact of plasma-generated species,
provided by the atmospheric pressure plasma jet, on synthetic
polymers was already investigated to obtain detailed information
on the plasma-initiated etching mechanism (e.g. influence of the
applied process gas and of the operating distance on the etching
efficacy) [22]. Furthermore, synthetic polymers were chosen since
the elemental compositions of these polymers are in some way
similar to those of cell constituents of micro-organisms. Hence, the
studied polymers can be considered as model constituents for cell
compounds whose elemental composition mainly include C, H, O,
N, and P. For instance, the cell wall of C. albicans is predominantly
composed of 80-90% of carbohydrates, 6-25% of proteins, and 1
7% of lipids [23], whereas the biofilm matrix of C. albicans mainly
contains polysaccharides [24]. Therefore, the present study is
focused on the transition of the investigations obtained on abiotic
surfaces to living micro-organisms organized in a biofilm to
determine the efficacy of the atmospheric pressure plasma jet in
etching of micro-organisms. Besides, based on its similar and, most
important, its well defined chemical composition, synthetic
polymers can be easily analyzed by surface techniques under
defined conditions compared to complex microbial systems. Thus,
the etching rates of these materials will be compared to etching
rates estimated for the biofilm. Furthermore, the use of synthetic
polymers allows a more detailed look into the mechanistic pathway
of substance removal.
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This contribution is focused on analyzing: 1. The etching
efficacy of argon (Ar) and argon/oxygen (Ar/O,) atmospheric
pressure plasma jet on 7-day old C. albicans biofilms. 2. Estimation
of etching rates by the determination of the biofilm thickness. 3.
The dimension of the plasma-influenced area, by using the
synthetic polymer poly(ether ether ketone) (PEEK) as model for
the biofilm, as it features similar etching rates. 4. The influence of
plasma-generated species on the etching process by performing
optical emission spectroscopy (OES).

Results and Discussion

The investigations demonstrate the removal or etching of
biofilms by means of an atmospheric pressure plasma jet and
extend our previous data, in which the efficacy of the plasma jet in
killing, but not in removal of micro-organisms, was shown [25,26].
Figure 1 shows representative images of C. albicans biofilms before
and after 60 s (A) Ar/ Oy gas flow (control), (B) Ar plasma, and (C)
Ar/ O, plasma exposure. Initial removal - apparent as bright spots
representing the PS subsurface - of C. albicans biofilm was observed
after 60 s Ar plasma treatment (Fig. 1 (B)). Distinct biofilm
removal, however, could be observed only with Ar/Oy plasma
(Fig. 1 (C)). Figure 2 depicts a comparison of non-treated biofilm
and biofilm exposed to (D) Ar and (E) Ar/ O, gas discharge plasma
for 300 s. As can be seen in Fig. 2 D, longer Ar plasma exposure
time did not result in substantial etching of the biofilm. In contrast,
an almost complete removal of biofilm was obtained after Ar/O,
plasma treatment (Iig. 2 (E)). Consequently, to obtain increased
biofilm removal, long time exposure was required. All control
samples exposed to non-ionized Ar and Ar/Oy gases for 60 s and
300 s showed no biofilm etching. Hence, the process gas alone did
not result in biofilm removal. To estimate the etching efficacy of
the plasma jet, the biofilm-covered surface area of each sample
was calculated before and after plasma exposure. The results of
plasma-etched surface areas, ie. the difference of the biofilm-
covered area before and after exposure to gas discharge plasma,
depending on treatment times and process gases, are displayed in
Fig. 3. As previously noted, even longer treatment times with Ar
plasma did not significantly increase the etched biofilm surface
area. After 300 s Ar plasma exposure a maximum surface area of
5000 um? of initial 35171 um?® (mean of the untreated biofilm-
covered surface area) was etched. Compared to Ar plasma
treatment, the admixture of oxygen increased the biofilm removal
considerably, especially for treatment times above 60 s. Further
shown in Fig. 3, is the percentage decrease of the biofilm (right y-
axis). A reduction in biofilm-covered surface area of only 12% was
attained with 300 s Ar plasma. In contrast, already after 180 s Ar/
Oy plasma exposure, approximately 95% of the biofilm was
etched. Consequently, the admixture of oxygen is crucial to obtain
a sufficient efficacy in biofilm removal.

To gain further insight into the mechanism of biofilm etching
and to identify reactive plasma species that are involved in the
surface effects induced by plasma exposure, the plasma was
characterized by performing optical emission spectroscopy. The
spectral characteristics in the ultraviolet/visible (UV/VIS) range of
Ar and Ar/ O, plasma are plotted in Fig. 4. The emission spectrum
of the Ar gas discharge was mainly dominated by atomic lines of
Ar between 670 and 850 nm in the visible range. Furthermore,
emission lines of OH at 309 nm and of the second positive system
of molecular nitrogen Ny at 337 nm were identified in the UV
range (240400 nm). The OH radical was probably formed from
water vapors present in the ambient air [27]. In contrast, the
optical emission spectrum of Ar/Oy plasma showed additional
emission lines of high intensity of atomic oxygen at 777.4 nm and
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Figure 1. Influence of different gas discharge plasmas on 7-day old Candida albicans biofilms grown on polystyrene wafer. The
samples were washed and dried by air flow before plasma treatment. The microscopic images were taken with a magnification of 200 at the same
sample position before (left column) and after plasma treatment (right column) A: The control sample was only exposed to the Ar/O, gas flow for 60 s
without plasma ignition. B: The biofilm sample was exposed to 5 slm Ar plasma. C: The biofilm sample was exposed to plasma composed of a gas
mixture of 5 sim Ar and 0.05 slm O, (total admixture of 1% O,).

doi:10.1371/journal.pone.0042539.g001

Figure 2. Plasma-dependent removal of 7-day old Candida albicans biofilms grown on polystyrene wafer. exposed to: (D) Ar gas
discharge plasma (5 sim Ar) and (E) Ar/O, gas discharge plasma (5 sim Ar+0.05 slm O,) for 300 s.
doi:10.1371/journal.pone.0042539.g002
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Figure 3. Comparison between Ar plasma (—H—) and Ar/O,
plasma (---A---) on etched surface area of 7-day old Candida
albicans biofilms depending on the plasma treatment time
(n=5; mean = SD). The biofilm-covered surface area was measured
before and after plasma treatment. The control represents samples
exposed to the gas flow without plasma ignition for 60 and 300 s. The
initial surface area of the biofilm was 35171+3335 um2 (n=60). The
right y-axis represents the percentage decrease of the biofilm-covered
surface area.

doi:10.1371/journal.pone.0042539.g003

844.6 nm in the visible region which were caused by dissociative
excitation and direct excitation processes. Neither emission lines of
OH nor of Ny were observed in the UV range of Ar/Oy plasma.
Consequently, the admixture of oxygen resulted in collisional
quenching of Ny and OH lines [28] which suppressed the
excitation and production mechanisms. Since the previous results
indicated a reduced etching efficacy by using Ar plasma, it is most
likely that UV radiation had a little effect on biofilm etching.
Furthermore, the comparison of the ratio of the intensity of the
emission lines of O (Ip) at 844.6 nm and Ar (I5,) at 750.4 nm of
both gas discharges revealed an In/I4, ratio of 0.6 for Ar/O,
plasma and an Io/I,, ratio of 0.05 for Ar plasma. Hence, the
portion of oxygen in the spectrum of Ar/Os plasma is remarkable
higher. Deduced from these results it can be assumed that reactive
oxygen species played a major role for biofilm removal and hence,
that plasma-assisted etching was mainly a chemically driven
process.

In preliminary studies synthetic polymers were investigated with
respect to the capability of the applied plasma jet to etch
hydrocarbon based aliphatic and aromatic polymers [22].
Especially, the impact of different process gases (argon and
different argon/oxygen mixtures) and the influence of the
chemical structure on etching rates were examined. Briefly, the
etching rates of aliphatic polymers (polyethylene, polypropylene,
and poly(methyl methacrylate)) varied between R=180 nm/s and
R=300 nm/s, whereas the etching rates of aromatic polymers
(polystyrene, polycarbonate, and poly(ether ether ketone)) were
comparatively lower, ranging from R=50 nm/s for poly(ether
cther ketone) up to R =150 nm/s for polycarbonate. Consequent-
ly, the etching rate depends not only on the process gas, but also
on the chemical structure of the material to be etched.

The calculation of the etching rate requires the measurement of
the thickness of the C. albicans biofilm, which equaled the distance
between the lowest position (surface of the PS wafer) and the
highest position (top of the biofilm). Since the best result in biofilm
removal was achieved using Ar/Os gas discharge plasma with
treatment times of 300 s, the etching rates were estimated only for
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Figure 4. Intensity of excited plasma-generated species in the
Ar and Ar/O, gas discharge. Overview optical emission spectra in
the visible range (680-850 nm) of Ar plasma (5 sim Ar) and Ar/O,
plasma (5slm Ar+0.05 slm O,) measured at a distance of 7 mm to the
jet-nozzle by means of a dual channel fiber optical spectrometer
(Avantes AvaSpec 2048-2-USB2). The spectra were relative calibrated,
normalized to the exposure time, and analyzed using the software
Spectrum Analyzer. In the upper spectrum excited species generated in
the Ar gas discharge are shown, in particular atomic Ar in the range of
680-850 nm. The inset figure shows the emission spectrum of Ar
plasma in the UV range (300-430 nm) which exhibits emission lines of
OH at 309 nm and of the 2nd positive system of N, at 337-391 nm. The
lower spectrum exhibits excited species generated in Ar/O, plasma
which is dominated by emission lines of atomic Ar and additional
emission lines of atomic O at 777.4 nm and 844.6 nm. Not shown is the
emission spectrum in the UV range due to the absence of emission
lines.

doi:10.1371/journal.pone.0042539.g004

this exposure time. Hence, before plasma treatment, the biofilm
thickness was measured revealing a minimum biofilm thickness of
approximately 10 um and a maximum biofilm thickness of
approximately 20 pm (these data are obtained from 5 biofilm-
covered PS wafers; n=3 on each sample). These variations in
thicknesses were due to the inhomogeneous biofilm formation.
Consequently, biofilm etching rates of R=33 nm/s (for the
biofilm thickness of 10 pm) to R=67 nm/s (for the biofilm
thickness of 20 um) with Ar/Oy plasma could be computed.

Since the investigations on biofilms revealed some drawbacks,
such as the restricted thickness of biofilms to several micrometers,
the variation of the thickness due to its inhomogeneous growth,
and their sensitivity towards some surface analysis techniques, the
polymer PEEK, as a substitute for biofilm, was used to overcome
these limitations. Furthermore, the use of a model ensured
consistent and reproducible conditions for a detailed analysis of
the etching process. Additionally, PEEK was chosen since its
etching rate is similar to the etching rates of the biofilm obtained in
this study [22].

An important aspect of biofilm removal was the localized effect
of the plasma treatment. Figure 5 exemplarily shows that the
effective biofilm removal was restricted to a few millimeters after
180 s Ar/Oy plasma exposure. The dark regions represent the
densely packed C. albiwans biofilm, whereas the bright areas display
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the pristine PS surface. The diameter of the etched surface was in
the range of 1.5 to 2 mm. Since the thickness of the biofilm varied,
some regions were completely free of micro-organisms, whereas
some areas were still covered with remnants. Additionally, Fig. 5
shows a sharp boundary between the plasma-affected area, where
most of the biofilm was etched, and unaffected biofilm. Similar
observation was reported by Koban et al. [29]. To get more details
on the real extent of the plasma-etched surface, a surface profiling
system was applied. Since the texture of the biofilm was too soft for
this technique, the surface analysis was carried out on PEEK
surfaces; otherwise the biofilm would be scraped off the surface by
the diamond needle of the surface profiler. The surface profile of
the plasma-treated substrate was measured through the zone of the
localized plasma treatment on the polymer (line scan) (see Fig. 6
with inset). Figure 6 displays the surface profile of PEEK exposed
to Ar/ Oy gas discharge for 60, 120, 180, and 300 s, respectively.
Note that ‘0’ represents the position of the localized plasma
treatment. The surface profiles exhibit that the etching depth
increased with prolonged plasma exposure. Furthermore, the most
intensive etching process occurred directly on axis of the Ar/O,
plasma jet (see also [22]). Hence, the removal of PEEK was mainly
restricted to an area of 2 mm in diameter, which corresponds to
the finding of the biofilm-etched area in Fig. 5. However, the
observed distinct border between unaffected and etched-area after
Ar/Oy plasma (see Fig. 5) might be due to the localized presence
of reactive plasma species. Hence, the distribution of selected
optical emission lines of atomic Ar at 750.4 nm and atomic O at
844.6 nm was analyzed along the radial distance which is shown
in Fig. 7. Further shown in Fig. 7 is the radial surface profile of
PEEK after 180 s Ar/Oy plasma exposure to ilustrate the
correlation between plasma species and surface etching. It can
be seen that the etching profile of PEEK proceeds along with the
intense optical emission of Ar and O. Hence, the highest intensities
of emission lines were directly obtained in the region of the
impinging plasma jet. Beyond the gas discharge, the emission
intensity declined with increased radial distance. According to the
radial measured OES spectra, the surface profile of PEEK showed
an enhanced etching effect in the range of the highest emission
intensities of Ar and O. Consequently, it can be assumed that the
localized etching process is attributed to the presence of reactive
species in the impinging plasma effluent, whose effectiveness in
surface etching decreases with radial distance. Although OES is a
suitable technique to verify excited species, it is not applicable to
measure densities of species in the ground state. For this purpose
laser-based plasma diagnostic (e.g. photon absorption laser
induced fluorescence — TALIF) will be used in future studies to
elucidate the influence of O and Os in plasma-assisted etching
processes in more detail.
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Figure 6. Effectively plasma-etched surface of poly(ether ether
ketone) (PEEK) dependent on the treatment time. Radial surface
profile of PEEK exposed to Ar/O, gas discharge plasma (5 slm Ar+0.05
slm O,) for 60, 120, 180, and 300 s at a jet-nozzle to substrate distance
of 7 mm recorded by a stylus surface profiler. ‘0’ represents the position
of the localized plasma treatment. Inset figure: depiction of the surface
profile measurement on PEEK. In the centre of the polymer (position
0 mm) the etched crater can be observed.
doi:10.1371/journal.pone.0042539.g006

The mechanisms of plasma etching at atmospheric pressure are
not yet fully understood, but it is most likely that the main
mechanism is based on the chemical process of oxidation which
might be described as follows: (i) impinging plasma-emitted
reactive species like excited atoms/molecules and radicals result
in bond-breaking of molecules, particularly hydrocarbon com-
pounds; (i) in following reactions two main processes occur
simultaneously: modification and etching of plasma-created open
bonds on the surface of micro-organisms, leading for instance to
the formation of molecular fragments and volatile compounds
emanating from the cells. Hence, plasma-exposed micro-organ-
isms exhibit morphological changes, such as reduction in cell size
[30,31,32] or the appearance of deep etch channels in the cell [33]
up to complete cellular destruction [34]. Especially the presence of
chemically reactive species, like atomic oxygen and ozone, easily
react with these open bonds, which facilitates a faster etching of
molecules [22,33].

Summarizing, the results of this study provide evidence that
non-thermal atmospheric pressure plasmas are efficient in etching
of 7-day old Candida albicans biofilms. Moreover, it was shown that

Figure 5. Extent of the plasma-etched surface area after 180 s Ar/O, plasma exposure. Images taken at 50-fold magnification on the left
and at 200-fold magnification on the right. Left: The dark area represents the densely packed biofilm whereas the bright areas display the PS wafer
surface. An etched area of 2 mm in diameter was measured. Right: Sharp boundary between the plasma-affected area and the still present biofilm.

doi:10.1371/journal.pone.0042539.9g005
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Figure 7. Radial distribution of plasma-generated species in
the Ar/O, gas discharge plasma and the direct relation to the
radial etching profile of poly(ether ether ketone) (PEEK). The
upper graph shows the intensity of atomic Ar at 750.4 nm and atomic O
at 844.6 nm depending on the radial distance recorded end-on at a
distance of 7 mm to the jet-nozzle by means of a dual channel fiber
optical spectrometer (Avantes AvaSpec 2048-2-USB2). The spectra were
relative calibrated, normalized to the exposure time, and analyzed using
the software Spectrum Analyzer. ‘0" represents the position of the
atmospheric pressure plasma jet. In the lower figure the radial etching
profile of PEEK after 180 s Ar/O, plasma exposure is displayed. The
surface profile was recorded by means of a stylus surface profiler
(Dektak 3ST, Veeco, USA). The dashed lines mark the extent of the
biofilm-etched surface (see Fig. 5).
doi:10.1371/journal.pone.0042539.9007

an almost complete elimination of biofilm was achieved by adding
molecular oxygen to the argon gas discharge plasma. Hence, Ar/
Oy plasma efficiently removes biofilms with an etching rate of
approximately 33 to 67 nm/s. This etching rate corresponds to
rates on previously studied synthetic polymers. The high chemical
activity of Ar/ O, gas discharge is based on the presence of reactive
atomic and molecular radicals interacting with organic materials
resulting in etching. These findings may help to modulate plasma
processes, which enhance the production of desired reactive
species for improved process efficiency. Consequently, the
atmospheric pressure plasma jet offers the possibility to eliminate
micro-organisms.

Materials and Methods

Pre-treatment of the PS wafer

Candida albicans biofilms were cultured on polystyrene (PS)
wafers (diameter of 10 mm) purchased from Becton Dickinson
(Falcon™ Ref 351016). PS wafers were used because of their
uniformly flat surfaces which enable a better microscopic imaging
and simplify the measurement of the biofilm thickness. Previous
cultivation experiments have shown that the formation of Candida
albicans biofilm on pristine PS surfaces was not homogenous and
partly washable by water. Therefore, the PS wafers were amino-
functionalized in a low-pressure microwave (2.54 GHz) plasma
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processing reactor (Plasma-Finish, Schwedt, Germany) using 40
sccm pure ammonia to support the adhesion of Candida albicans
cells. The PS wafers were exposed for 30 s in the downstream
region of the gas discharge plasma. Further information about the
reactor as well as the functionalization procedure is described in
[35]. The ammonia plasma-treated PS surfaces showed a non-
washable dense packed Candida biofilm after cultivation.

Biofilm formation

The strongly biofilm-forming strain Candida albicans ATCC
10231 (ATCC = American Type Culture Collection, Rockville,
MD, USA) was used [36]. C. albicans was suspended into YPD
Broth (Yeast Extract Peptone Dextrose, Sigma, Steinheim,
Germany). The sterile test objects (PS wafers) were positioned in
24-well microtitre plates (Techno Plastic Products AG, Trasadin-
gen, Switzerland). 1 ml micro-organism suspension (concentration
of 10° cells/ml) was added, and incubated aerobically at 37°C.
Every 24 h the medium was changed. After 7 days the medium
was drawn off and the PS wafers were washed with 0.9% NaCl
solution.

Plasma source and plasma treatment

For the experiments a high-frequency (1.7 MHz, 2-6 kV,,)
driven atmospheric pressure plasma jet (kINPen08, developed at
the INP Greifswald) was applied (see Fig. 8). This plasma device
consists of a pin-type electrode mounted in a quartz capillary
(inner diameter of 1.6 mm and outer diameter of 4 mm) with an
overall electric power of 65 W. The neutral gas temperature was
below 80°C under the experimental conditions. A more detailed
description of this type of plasma jet, version kINPen(9, can be
find in [25]. The influence of two different process gases on the
removal of biofilms was investigated. In particular, argon (Ar) as
feed gas with a gas flow of 5 standard liter per minute (slm) and a
gas mixture of argon and oxygen (Oy) with an admixture of 0.05
slm molecular Oy (1% Oy). Previous studies have shown that the
highest etching rate is achieved at small distances between the
nozzle-outlet and the substrate surface [22]. Hence, the samples
were located at a constant distance of 7 mm from the jet-nozzle.
At this working distance the tip of the Ar/Oy plasma jet comes in
contact with the substrate surface, whereas the Ar gas discharge
plasma, with a total length of 12 mm, spreads on the treated
surface. The biofilm samples were treated for 60, 120, 180, and
300 s. The control samples were exposed to the gas flow without
plasma ignition. Before plasma treatment each sample was washed
for several minutes using distilled water and dried by air flow to
ensure that the substrate is covered with an adherent, non-
washable biofilm.

Light Microscope

The opaque biofilms were analyzed with a reflected light
microscope (Zeiss Axiovert 200 M, Carl Zeiss Jena GmbH, Jena,
Germany). Images were taken with a 50 and 200 fold magnifi-
cation and the biofilm-covered surface area was quantified (200 x
magnification) with an image analysis program (analySIS® pro V.
3.0, Olympus soft imaging solutions, Miinster, Germany). To
obtain the biofilm-covered surface area before and after plasma
treatment, the surface area of each biofilm, grown on PS, was
manually traced and labeled by using analySIS®pro which
subsequently calculated the marked surface area. The initial
biofilm covered an averaged surface area of 351713335 um®
(n =160, before treatment). To ensure that before and after plasma
treatment the same position was microscopically analyzed every
PS wafer was marked on the back side.
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Figure 8. The atmospheric pressure plasma jet (kINPen08, INP
Greifswald, Germany). (a) Schematic set-up of the plasma jet which
consists of a pin-type electrode centered inside a quartz capillary with
an inner diameter of 1.6 mm and an outer diameter of 4 mm. A high-
frequency voltage (1.7 MHz, 2-6 kVpp) is coupled to the electrode. The
overall electric power of the plasma device is 65 W. The plasma jet was
positioned perpendicular to the sample surface with a distance of
7 mm between the nozzle outlet and the substrate surface. (b)
Photograph of the plasma jet, driven with 5 sim Ar and 0.05 sim O,,
impinging the PEEK surface.

doi:10.1371/journal.pone.0042539.g008

In order to estimate an approximate etching rate R the thickness
of the initial biofilm was calculated using a digital optical
microscope system. Therefore, a stereoscopic image reproduction
with spatial depth using the Zeiss microscope, a CCD-Camera as
well as digital electronics for the processing of image data were
applied. Data processing proceeds in the following way: an
exposure series with constant focus position is taken. The relative
movement between the sample plane and sample is carried out in
a stepwise manner, where surface configuration of the sample is
reconstructed from a set of optical section images to be calculated.
Deduced from these images a 3-D image is generated from which
the thickness of the biofilm was obtained.

Statistical analysis
All data presented are means * standard deviation. For each
process gas and treatment time the experiments were repeated five
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times on five independent biofilm-covered PS wafers (total number
of PS wafers: n = 60), whereas for the determination of the biofilm
thickness three different positions on the same sample was
investigated of at least five selected samples.

Optical emission spectroscopy (OES)

For the characterization of the plasma phase in the ultraviolet/
visible (UV/VIS) spectral range, optical emission spectroscopy was
applied, which is a commonly used diagnostic technique to identify
excited species (e.g. atoms and molecules) present in the plasma.
This method is easy to apply, very sensitive, and most important
non-invasive [37]. A dual channel fiber optical spectrometer
(Avantes AvaSpec 2048-2-USB2) was used. The channels were
linked by an optical fiber to a cosine corrector. A quartz glass was
in front of the cosine corrector. The emission lines of the plasma
irradiation were measured in the range of 200 to 962 nm. OES
spectra were relative calibrated, normalized to the exposure time,
and analyzed using the software Spectrum Analyzer [38]. In order
to analyze the radial distribution of the plasma species the fiber
optics were mounted end-on by a movable holder.

Polymer treatment and surface profilometry

The depth profile was recorded crossing the centre of the
plasma-treated polymer with a stylus surface profiling system
(Dektak 3ST, Veeco, USA) with a scan speed of 40 um/s and a
force of the stylus tip on the surface of 10 mg. These investigations
were focused on poly(ether ether ketone) (PEEK, purchased from
Goodfellow, Germany) because of its very smooth and inflexible
surface, being highly suitable for these investigations. According to
the treatment of the biofilms, PEEK samples were exposed for 60,
180, 120, and 300 s to Ar/O, plasma (1% Oy) at a jet-nozzle to
substrate distance of 7 mm (see Fig. 8 b).
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High Rate Etching of Polymers by Means of an
Atmospheric Pressure Plasma Jet

Katja Fricke,* Hartmut Steffen, Thomas von Woedtke, Karsten Schroder,
Klaus-Dieter Weltmann

The impact of atmospheric pressure plasma on surfaces, in particular its potential application
of modification and decontamination of different materials has been intensively investigated.
In this study, the etching capability of an atmospheric pressure plasma jet is shown. A variety
of polymers [e.g., polyethylene and poly (ether ether ketone)] was exposed to pure argon and
argon/oxygen plasma. The influence of the oxygen admixture (up to 1%) and of the jet-nozzle
to substrate distance on the etch rate of chemically different polymers was explored. Particular
attention was applied on the feasible use of atmospheric pressure plasma on biofilm removal.

For that reason a theory was postulated with each poly- 10

mer representing a model compound of bacterial cells. of

The etch rates were obtained by determination of the A0F

mass loss and etch profiles after plasma exposure. The €

experiments showed that reactive oxygen species play =

an important role in the polymer removal which results @ -}

in etch rates of 50 up to 300nm-s " depending on the & 0|

polymeric material. These high etch rates imply that | S —

non-thermal atmospheric plasma jets could be used for qop T Ar*1%Opsma T
removal of organic material including micro-organisms T 4 4 2 0 2 4 B %

from surfaces.

Introduction

Most polymer surfaces, especially hydrocarbon surfaces,
are chemically inert, have low surface energies, and low
adhesion properties which is disadvantageous for many
practical applications. The use of non-thermal plasma
treatment of polymersleads to changes of the chemical and
physical surface characteristics without affecting the bulk
properties. Additionally, considering that polymeric mate-
rials are very heat sensitive, non-thermal plasma is also a
gentle method to alter the surface properties without
destructive effects due toits low gas temperatures between
300 and 400 K.[*! The main processes observed in plasma
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radial distance [mm]

treatment of polymeric surfaces are modification, cross-
linking and etching. The incorporation of atoms (e.g., O and
N) into the surface during plasma exposure leads to the
formation of polar groups such like hydroxyl-, carbonyl-
and aldehyde groups. These functional groups influence the
surface energy insuch a way, that a better bonding capacity
to other materials or bacteria cells can be achieved.*™
Furthermore, non-thermal plasma is also an environmen-
tally friendly method to remove organic contaminants or to
pattern surfaces.!! Both applications are based on etching
processes caused by ion bombardment and/or chemically
reactive species. Etching of photoresist by an oxygen (O,)
plasma with an etch rate of 2nm-s™* was one of the first
industrial applications of plasma etching in microelec-
tronics.) Nowadays, plasma etching is one of the key
processes used in microelectronic fabrication where CF,
and CF,—O, are the widely applied gases in low-pressure
plasmas. But apart from surface functionalization and
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etching also cross-linking takes place during the plasma
treatment. Surface cross-linking is based on the recombina-
tion of radicals generated by breaking the C—H bonds.
Linkages results in a stabilization of the surface which
makes for instance a further etching of the material more
difficult.

But plasma sources are not only applied in the industry.
Plasma medicine is a very promising field, too. Particularly,
the plasma sterilization of polymeric materials is in the
focus of attention.[” It can be achieved with plasma that
combines both, the inactivation or killing of bacteria — by
producing charged particles, UV/VUV radiation, and
reactive neutral species (excited atoms and molecules,
radicals) —and the removal of dead cells or cell residues by
plasma etching.!®*%! The atmospheric pressure plasma jet
described in this paper has the capability to decontaminate
polymer surfaces."*"*% Hence, the work presented here is
focused on the second requirement of plasma sterilization:
the etching process at atmospheric pressure.

The surface chemical composition of bacteria cells
deduced from XPS data reveals that micro-organisms
mainly consist of carbohydrates, polypeptide, teichoic
acids and lipids composed of C, H, O and N.'***] Whereby
carbonis the most abundant element. For different bacteria
strains the ratio of oxygen to carbon varies between 0.21
and 0.53 whereas the N/C ratio is between 0.04 and
0.082.¢1 According to polymeric materials a similar
elemental composition can be observed. Pelletier already
pointed out, that the chemical structure of polymers is
comparable to that of micro-organisms.!*”) For that reason,
we started this study with polymers of different chemical
composition as model substances for cell components of
micro-organisms. To etch organic films at atmospheric
pressure, a gas mixture of argon and oxygen is often
applied.*®! The main effect of the argon plasma is
sputtering by ion bombardment, while oxygen admixtures
produce chemically active species oxidizing organic com-
pounds with the release of CO, and H,O. These two types of
erosion may have a synergetic effect which leads to an
increase of the etching capability.**! In the uppermost
polymer layers also UV/VUV photo degradation processes
generated by the plasma jet operated with argon are
important. This radiation leads not only to main chain
scission and cross-linking of surface radicals but also the
formation of low molecular weight species.

Previous investigations of plasma initiated polymer
removal obtained at atmospheric pressure showed etch
rates of 0.5-83nm-s~ % For instance, Jung and Choi
reported etch rates of 2nm-s~' in Ar/O, plasma and
0.5nm-s~* in pure Ar plasma.l*”! But also other reactive
gases can be used to etch materials. For instance, etching of
Kapton results in an etch rate of 42-83nm-s ' at atmo-
spheric pressure with an helium/oxygen (He/O,)—
plasma.?!] Compared to etch rates achieved at atmospheric
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pressure, the rates reported at low-pressure plasma are
much smaller. Benedikt et al. investigated the etching of
hydrocarbon films exposed to mixtures of argon and
oxygen and received a maximum etch rate of
0.8nm -s~1[* Terlingen et al. obtained an etch rate of
0.01nm -s™* for polyethylene with Ar plasma, Taylor and
Wolf 0.5nm-s™* for polystyrene in an O, plasma, and
Pederson reported an etch rate of more than 12nm-s* for
cellulose exposed to CF,/O, plasma.?>4 The study
described in this paper is focused on the estimation of
etch rates caused by an atmospheric pressure Ar plasma
and Ar/O, plasma. Results of dry etching of different
polymeric materials are presented, focussing on the
influence of oxygen admixture and of the jet-nozzle to
substrate distance on the etch rate. Particular attention is
paid on the application of the plasma jet to remove organic
materials from surfaces.

Experimental Part

Miniaturized Atmospheric Pressure Plasma Jet

In Figure 1 the principle of the radio frequency (RF) driven (1 MHz)
miniaturized atmospheric pressure plasma jet is schematically
shown.

The jet is characterized by a grounded ring electrode and a centre
rod electrode inside a quartz capillary (with an inner diameter of
1.6mm and an outer diameter of 4mm). The rod electrode is
connected to the power source via a matching network. The RF
power consumed by the discharge has not been measured directly;
the overall electric power of 65W applied was held constant

gas
inlet

Aluminium

hull ~

RF rod
electrode

quartz —»
capillary

grounded
electrode

plasma jet

H\‘I
il

B Figure 1. Schematic view of the plasma jet.
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I Table 1. Polymers used in etching experiments.
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Polymethyl methacrylate (PMMA)

H,C-O— C
CH, C

p=118g- cm_3

Poly(ether ether ketone) (PEEK)

o O

p=13g-cm3

Polycarbonate (PC)

T i
A5l
CH, N
p=120g-cm >

Filter paper (FP)

OH
</O Ho/\/OH
M/O\ZT?\
OH
OH n

p=0.566g-cm >

throughout the experiments. Depending on the operating gas the
length of the plasma jet varied between 12 mm (only Ar plasma)
and 6mm (Ar+1% O, plasma). Further details of this jet are
described elsewhere.2>2¢! The polymers were treated localized
with the plasma jet operating with argon at a flow rate of 5 slm and
small admixtures of O, (0...1% in the gas flow).

Materials

The different polymers and filter paper used during the experi-
ments are listed in Table 1. The polymers were delivered by
Goodfellow (Germany), and the filter paper (blue Ribbon filter paper
589/3) by Schleicher & Schuell Filters (Germany). From the large
number of polymers special attention is paid to polyethylene,
poly(ether ether ketone) and filter paper. The polymeric material
was chosen according to the aspect of the removal of micro-
organisms by the used plasma jet. Each substrate describes a model
constituent of microbial cells. For instance, PE represents long-
chain hydrocarbon compounds like side chains of amino acid or
lipids, proteins and sugar moieties. PEEK is an analogue to
lipopolysaccharides, filter paper which consists of cellulosic fibres
represents polysaccharides whereas PMMA and PC are model

Plasma Process. Polym. 2011, 8, 51-58
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Polyethylene (PE)

*{CHZ—CHZ
n

-3

p=094g -cm

Polypropylene (PP)

CH,

n

0=090g-cm 3

Polystyrene (PS)

I—Cr—I

n

p=102g-cm

compounds for amino acids. At the end of this contribution, a table
of etch rates for all investigated polymers listed in Table 1 is
presented.

Determination of Etch Rates

The massloss of the samples (size: 1.3 x 1.3 cm?) was determined by
weighing on an analytical ultra-microbalance (Sartorius SE 2,
Gottingen, Germany). Before estimating the mass, every sample
was treated with a high-performance ionizing air gun (Top Gun,
SIMCO Industrial Static Control, USA). This ionizing air gun
eliminates static charges which are responsible for the attraction
of contaminants to the polymer surface. Furthermore, static
charges hinder the mass measurements with the high sensitive
microbalance.

Etchrates presented in this paper are calculated by two different
methods. One way is to calculate the mass difference of the
substrate after plasma etching (mass loss). This mass etchrate Ry, is
given by:

Ry = AT’” with @)
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Am is the mass loss and t is the plasma treatment time. The linear
etch rate which is commonly used to describe the etching of a
material is given by:

Rnm .
R= p with (2)

r is the radius of the hole, etched during plasma exposure and p is
the density of the etched material (see Table 1).

The radius r was estimated by measuring the radius of the hole
created by the etch process. In case of Equation (2) a cylindrical
shape of the etched hole is assumed, although this is definitely not
the exact case in our experiments (see Figure 4). For that reason,
Equation (2) gives only a rough estimation of the etch rate.

Another and more reliable possibility to determine etch rates is
the measurement of surface profiles after plasma exposure. The
depth profiles were recorded crossing the centre of the plasma
treated polymer with a surface profiler (Dektak 3ST, Veeco, USA)
with a scan speed of 40 um - s~ * and a force of the stylus tip on the
surface of 30mg. These investigations were focused on PEEK,
because of its very smooth and inflexible surface, being highly
suitable for these investigations. But a similar etch profile was
observed for all polymers.

Results and Discussion

The effect of Ar/O, plasma on polyethylene is depicted in
Figure 2. The etch rate was obtained by measuring the mass
loss as a function of time. The jet-nozzle to substrate
distance was chosen according to the length of the plasma
jet so that the polymer surface was in close contact to the
effluent and in downstream position. The data in Figure 2A
suggest linear loss behaviour with increasing treatment
time at different jet-nozzle to substrate distances. Because
of the linearity of the results we can assume a constant
mass etch rate. The surface attack by the etchant depends
on the distance which might be attributed to the short

A) 600 : . . . . T
| ® 5mm
O 7mm
500 A 12 mm %
400 §
2 300} -
£
e Q
200 | i i
100 - i g
b
0 1 1 1 1 1 1

0 50 100 150 200 250 300
etch time [s]
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lifetimes of the reactive species and their reaction with
ambient air or recombination processes during the longer
pathway which results in a reduced number of etchants
reaching the polymer surface. For this reason the highest
weight loss is achieved at lower distance (5 mm) whereas
mass differences and mass etch rates at 7 and 12 mm jet-
substrate distance are almost equal.

Besides the jet-nozzle to substrate distance, also the
admixture of oxygen was varied from 0 to 1%. The results are
shown in Figure 2B. The etch rates increase when the gas
mixture is enriched with oxygen probably to an increase of
reactive oxygen species. Compared to Ar/O, plasma, the etch
rate of pure Ar plasma (0% oxygen admixture) is five times
smaller, attributed to the physical sputtering of Ar ions and
the UV/VUV radiation which is significantly emitted in the
Ar plasma.*”] Certainly, oxygen from ambient air which is
admixed in the radial flowing afterglow outside the Ar
effluent is involved in the etching process. The etch profiles
confirm this assumption showing a remarkably different
profile caused by Ar plasma compared to Ar/O, plasma (see
Figure 4 and discussion there). Consequently, physical
sputtering and etching by UV/VUV radiation play obviously
a minor role in polymer degradation. An explanation might
bethe creation of unsaturated bonds on the substrate surface
by the Ar plasma that do not undergo oxidizing processes
because of the absence of chemically active species in the Ar
plasma. Thus, unsaturated carbon—carbon bonds react with
other carbons leading to cross-linking, that retards the
etching process or reacts with the ambient air after plasma
exposure, respectively.?®]

The mechanisms of polymer etching and modification
were studied by a number of scientists.*#2°71 For this
reason only a short summary of the fundamental and
importantreactionsis given here. As mentioned previously,
depending on the gas mixture, the polymer removal is
characterized by physical sputtering and chemical reac-

B) 320 . . . . . .
B 5mm i
280 O 10mm T
A 12mm
240 | .
o}
200 5
o ] ;
£ 160 - i
c
© 120l i -
L
80 & .
40 - -
o @ 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

oxygen admixture [%]

Figure 2. (A) Time dependent mass loss of polyethylene after plasma exposure with 5slm Ar and 1% O, admixture. (B) Influence of oxygen
admixture on the etch rate for 5sim Ar at different jet-nozzle to substrate distances (mean =+ SD, n >10).
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tions on the substrate surface as well as photolysis by UV
radiation. The degradation, initiated by electron impact,
reactive species and photons, leads to a dissociation of the
polymer molecules (RH) and the formation of radicals
according to:

RH 2 R* 4+ H* 1)

Due to the high reactivity of atomic oxygen further
reaction occurs

RH + O — R* + *OH (1)
followed by

RH+*OH — R* + H,0 (1)

Reactive species and UV radiation produced in the
plasma attacks selected carbon sites and causes an
abstraction of hydrogen. The thereby formed alkyl radicals
are characterized by short lifetimes and undergo various
chemical reactions. In the presence of oxygen the oxidation
of the surface is initiated leading to the formation of alkoxy
radicals and peroxy radicals:

R* + 0 — RO® (v)
R®* + O, — ROO® (V)
These radicals are starting points of the modification of

the polymer surface, of chain scissions, and of the etching of
the polymer:

ROO® + RH — R* + ROOH (V1)
ROOH + RO®* — ROO® + ROH (VII)
ROOH — H° + CO, (V1II)
R® + 05 — RO® + O, (IX)

Plasma Processes
and Polymers

End products of polymer etch reactions are CO, CO,, O,, OH
and H,O0. The etching and modification processes compete
with the cross-linking of the substrate surface, initiated for
example by peroxy radicals which results in a deactivation
that can dramatically decrease the etch rates.?Y However,
not only radiation and reactive species are emitted by the
gas discharge, plasma treatment is also associated with the
release of heat. It is known that high temperatures
accelerate the etch rate, but polymers are very heat
sensitive and heat damage must be prevented.*?! The
difference between hot and cold burning is shown in
Figure 3. The picture at Figure 3A taken after hot burning of
filter paper is characterized by a melted edge, whereas the
picture in Figure 3B, taken after etching with Ar/O, plasma,
shows the etch hole and the residue of cellulose fibres
indicating that the filter paper is etched fibre by fibre.

In order to clarify the influence of surface heating on the
etch processes, additional experiments were carried out
where the plasma on and plasma off times were varied (e.g.,
20 s plasma on and 20 s plasma off). The size of the plasma
etched hole as well as the weight loss after plasma
treatment with or without plasma off times was nearly
the same. This demonstrates that the temperature increase
during the etch process might be negligible and that little
temperature changes on the polymer surface do not
significantly influence the etch rate. It should be mentioned
that the oxygen admixture and the distance between
substrate and jet-nozzle is crucial for the surface heating.
With high oxygen admixtures (>2% O,) and at small jet-
nozzle to substrate distances (<5mm), the temperature
increase becomes significant and a considerable damage of
the polymer has tobe expected. Surely, the extent of etching
can be highly variable depending on the nature of the
substrate. Taylor and Wolf figured out that strong bonds in
the backbone or between backbone and side chains as in

aromatic and polar functional groups make an etching
more difficult.**! Etch rates of different polymers treated
with Ar/O, plasma are presented in Table 2. The etch rates
are calculated by means of Equation (1) and (2).

B Figure 3. Microscopically images of filter paper after (A) hot burning and (B) cold burning obtained by a Zeiss Axiovert 200M microscope.

Plasma Process. Polym. 2011, 8, 51-58
© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plasma-polymers.org

55



56

Plasma Processes
and Polymers

K. Fricke, H. Steffen, T. von Woedtke, K. Schroder, K.-D. Weltmann

Table 2. Etch rates of different polymers treated with 5slm Ar and 1% O, admixture at a jet-nozzle to substrate distance of 5 mm. The radius
r was estimated to about 2mm and the etch rates were calculated according to Equation (2).

Rates Substrates

FP PP PE PMMA PC PS PEEK
Etch rate R (nm-s™%) 1060 300 260 180 150 130 50
Mass etch rate Ry, (ug-s™ %) 5.7 3.4 2.7 2.4 2.3 1.4 0.8

-20

depth [um]

40 |

50

-_- ---Arplasma
~~~~~~ Ar +0.2% O, plasma

70 _ Ar+ 1% O,plasma

-60

-8 -6 -4 -2 0 2 4 6 8
radial distance [mm]

0.2% 0O, and 1% O, admixture at 5 mm jet-nozzle to substrate

I Figure 4. Depth profiles in PEEK after 20 min etching with 5slm Ar,
distance. The maximum depth is 67 um.

The etch rates of different polymers vary between 50 and
300nm-s ™. The aromatic polymers PS and PEEK exhibit
the lowest etch rates, because of the stabilization by
aromaticfunctional groupslike phenolic compounds which
are more resistant against etching.

From measured depth profiles recorded with a surface
profiler, etch rates can be calculated more accurately and
the etch mechanism can be explored. Figure 4 gives an
example of a depth profile of plasma treated PEEK. The
measured depth depends strongly on the distance from the
jet axis. The curve is almost symmetric. The observed
irregularities (e.g., the shoulder on the right part) are
assumed to be due to small asymmetries of the plasma jet
and its orientation to the sample surface which is not
exactly perpendicular to the surface. Figure 4 shows clearly
the influence of the oxygen admixture on the etch rate
profile. In case of a pure Ar plasma, the etching takes place
mainly off the jet axis. The etched area shows the shape ofa
ring while at the jet axis almost no etching occurs. This etch
ring is produced by eddies of the surrounding air and the Ar
plasma which is assumed to lead to the formation of
reactive oxygen species capable of etching. The etched
profile can be described by two Gauss functions with their
maxima at +2 mm. The special shape of this profile shows
the main influence of chemical etching by oxygen contain-
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ing species clearly. Therefore, it can be assumed that ion
sputtering delivers nearly no contribution to the erosion
process. Atlow O, admixtures (Figure 4, dotted line) the etch
depth increases but the entrainment of the ambient air is
still remarkable. In case of Ar plasma admixed with 1% O,
the etch rate has its maximum at the jet axis. The profile is
almost symmetric and can be described by a single Gauss
function.

Normalized depth profiles for several etch times are
nearly congruent. Thus, any depth profile can be described
by the product formula:

d(%, 1) = o (X)dmax (t) with (3)

fn(x) is the normalized depth profile with dy,.x = 1 which
depends only on the distance to the jet axis (x), dmax(t) is the
maximum depth which depends only on the etch time t.

The maximum etch depth depends linearly on the etch
time (Figure 5). The slope of the linear fit function gives the
maximum etch rate Ryax = 40.5 nm - st in the centre of the
hole which is in good agreement with the calculated etch
rate above (Table 2) approving the measurements of the
plasma generated hole.

Therefore, Equation (3) can be written as:

d(x,t)[nm] = fn(x)40.5t[s] (4)
T T T T T T T T T T T
80 maximum etch rate ® depth o 12
[ 2.43 ym/min
01 o O volume
[ 40.5nm/s - 110

[$)) ()]
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[}
etched volume [mm?]

maximum depth [um]
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(open circles) versus etch time for PEEK (5sIm Ar/O, (1% O,),

I Figure 5. Maximum depth (filled squares) and etched volume
5mm jet-nozzle to substrate distance).
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High Rate Etching of Polymers

From Equation (4) we can conclude that the etch rate is
constant in time and depends only on the distance to the
jet axis:

R(X) = f2(x)40.5 @ (5)

Taking into account that the etched hole is axially
symmetric, the etched volume can be calculated from the
measured profile. A depth profile was fitted with Gauss
functions and the volume was calculated according to:

V(t) =7 / X*(d(t))dx (6)

Like the maximum depth, the etched volume depends
linearly on the etch time. The slope of the linear fit function
gives a volume etch rate of Ry = 0.6 pm?®-s™*. Taking into
account the density of PEEK p=1.3 g-cm™?, the mass etch
rate can be calculated to R, = 0.8 ug - s~ * which correspond
with the mass etch rate determined by weighing (see
Table 2).

Conclusion

The effect of etching with a miniaturized atmospheric
pressure plasma jet on polymeric surfaces was investi-
gated. The highest etch rates were obtained with Ar/O,
plasma (up to 1% O, in the gas flow). The etch rate decreased
with increasing jet-nozzle to substrate distance and
increased with increasing oxygen admixture. The results
show clearly that mainly chemical etching due to the
reactive oxygen species is responsible for the polymer
removal. Dependent on the different structures of the
polymers, mass etch rates between 3.4 and 0.8 ug-s~* and
etch rates of 50-300 nm - s~ * are obtained. These values are
very high compared to previous reported etch rates at
atmospheric pressure. Considering that the surface of
bacteria cells consists of proteins, polysaccharides and
hydrocarbon like compounds, the results showed that cell
components can be etched. Furthermore, taking into
account that bacteria cells have a size of 0.2—4 pm, these
high etch rates reveal a promising application not only for
sterilizing polymeric medical devices, but also for removing
organic contaminants such as micro-organisms from the
polymer surface within a few seconds. First experiments
concerning biofilm removal confirm this assumption, but
are still under investigation. Etch profiles generated by the
plasma jet were measured with a surface profiler. This
method allows a better description than weighing and is
thus more suitable for the investigation of etching
behaviour of plasma jets. The etch profile can be calculated

Plasma Process. Polym. 2011, 8, 51-58
© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by the product of a normalized profile function and the
maximum depth. The normalized function depends on the
jet-nozzle to substrate distance and the gas mixture. It is
independent of etch time. The maximum depth depends
linearly on the etch time. Assuming cylindrical symmetry,
etched volume and mass etch rates can be calculated. In a
further study, the chemical processes leading to polymer
etching will be investigated in more detail by surface
analyses with highly resolved XPS.
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Investigation of Surface Etching of Poly(ether
ether ketone) by Atmospheric Pressure Plasmas

Katja Fricke, Stephan Reuter, Daniel Schroder, Volker Schulz-von der Gathen,
Klaus-Dieter Weltmann, and Thomas von Woedtke

Abstract— An atmospheric pressure argon plasma jet with
varying admixtures of molecular oxygen was used to study the
etching mechanism of poly(ether ether ketone) (PEEK).
Furthermore, a correlation between plasma-based etching
processes on PEEK with the generation of chemically reactive
plasma species is proposed. The surface analysis was
performed by X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), and surface profilometry which
showed a dramatic increase in the content of oxygen
functionalities and surface roughness after long-time Ar/O,
plasma treatment. For the plasma diagnostics two-photon
absorption laser-induced fluorescence (TALIF) spectroscopy
was applied. The obtained etching mass as well as the surface
roughness for different molecular oxygen admixtures revealed
strong dependence on the atomic oxygen density. Furthermore,
the radial surface profile, affected by plasma etching, might be
attributed to the distribution of plasma-generated oxygen
species in the plasma jet effluent.

Index Terms—Atmospheric pressure plasma jet, surface

topology, modification, plasma etching.

I. INTRODUCTION

OLY(ETHER ETHER KETONE) is a high performance semi-

crystalline thermoplastic polymer which is characterized
by good mechanical properties, high thermal (glass transition
temperature T, = 143°C and melting temperature T, = 343°C)
as well as chemical stability, and resistance to radiation
damage [1]. Consequently, PEEK has been widely used
formany applications such as in aerospace, automotive, and
medical industries. Especially, its prospective application as
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substitute for titanium and its alloys for medical implants is of
ongoing interests [2], [3]. The chemical structure of PEEK
comprises an aromatic backbone molecular chain,
interconnected by ketone and ether functional groups
composed of the following repeating unit:

OO0

Fig. 1. Chemical structure of repeating units of poly(ether ether ketone).

Since most of the engineering thermoplastics exhibit low
surface energies and poor adhesion and hence, do not possess
the necessary surface characteristics for particular applications
[4], [5], different processes are applied to activate the surface
[6]. Among the different modification methods non-thermal
plasmas have been widely used to alter the surface properties
of various polymers which in turn resulted in improving the
wettability and adhesion properties without affecting the bulk
properties [7], [8]. According to the processing conditions
(plasma gas, process parameter, and type of polymer) the
plasma-exposed substrate surface is subjected to ion, radical
and electron bombardment as well as ultraviolet radiation
which influence the surface properties in various ways.
Different surface modifications can be (i) surface
functionalization resulting in chain scission and formation of
chemical functionalities (ii) cross-linking on the surface and
(iii) surface ablation (etching) [9]. During plasma exposure the
processes i-iii are difficult to separate, because the
predominance of the respective processes may vary according
to the processing conditions.

This paper promotes the understanding of the mechanism at
the interface between plasma and materials and extends our
previous published work where the etching rates of chemically
different polymers exposed to atmospheric pressure plasma
were intensively studied [10]. In this work the impact of non-
thermal atmospheric pressure plasma on PEEK concerning
surface etching was studied in detail. Moreover, a correlation
between surface effects and generated plasma species was
investigated, linking elemental surface composition, surface
roughness, as well as surface topology with the presence of
plasma species in the altered surface properties of PEEK. For
the investigations, the plasma jet was operated with noble gas
(argon) with different admixtures of molecular oxygen in the
order of 1vol% O,.
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II. MATERIALS AND METHODS

A. Materials

Poly(ether ether ketone) (PEEK) were purchased from
Goodfellow GmbH (Germany) in the form of 0.1 mm thin
PEEK films and 1 mm thick PEEK plates.

B. Atmospheric Pressure Argon Plasma Jet and Plasma
Treatment Conditions

Fig. 2 shows a schematic setup of the atmospheric pressure
argon plasma jet (kINPen, developed at the INP Greifswald,
Germany) used in this study. The plasma device consists of a
quartz capillary (inner radius of 0.8 mm) with a pin-type HF
electrode (1.7 MHz) inside. The plasma is generated from the
top of the centered electrode and expands to the surrounding
air outside the nozzle. Further details of this type of jet,
version kINPen09, are described elsewhere [11]. The plasma
jet was operated with 5 standard liters per minute (slm) pure
argon or with different admixtures of molecular oxygen.

o
=
g
@
3
2

substrate

Fig. 2. (Left) Schematic setup of the plasma jet and (right) photograph of
Ar/1%0; plasma jet.

PEEK samples were positioned perpendicular to the plasma
jet and were treated locally at jet-nozzle-to-substrate distances
of 5 mm and 7 mm for different treatment time.

C. Physico-chemical Surface Analysis

The elemental surface composition and chemical binding
properties were analyzed by X-ray photoelectron spectroscopy
(XPS) using an AXIS Ultra DLD electron spectrometer
(Kratos Analytical, Manchester, UK). The spectra were
recorded by means of monochromated Al K, excitation
(1486.6 V) with a medium magnification (field of view 2)
lens mode and by selecting the slot mode, providing an
analysis area of approximately 250 um in diameter. A pass
energy of 80eV was used for estimating the chemical
elemental composition and 10eV for the high energy
resolution of the Cls peaks to investigate chemical
functionalities. Charge neutralization was implemented by low
energy electrons injected into the magnetic field of the lens
from a filament located directly atop the sample. Valence band
spectra were obtained using hybrid electrostatic system, to
create an analyzed area of 300 pm x 700 um, and a pass
energy of 20 eV. Spectra were calibrated with reference to the

C 1s peak at 284.7 eV associated with aromatic C-C bonds of
PEEK. Data acquisition and processing were carried out using
CasaXPS software, version 2.14dev29 (Casa Software Ltd.,
UK). For the XPS analysis 0.1 mm thin PEEK films (1 cm x
1 cm) were used to reduce degassing in the XPS chamber to a
minimum. The samples were analyzed by performing a line
scan with an increment of 2 mm.

Changes in the surface roughness and topology were
determined by an atomic force microscope (AFM) scanning
probe microscope diCP2 (Veeco, Santa Barbara, CA, USA) in
the non contact (tapping) mode. An area of 10 um x 10 um
was scanned using a pyramidal silicon tip (Veeco, RTESPA-
CP) doped with n-type phosphorus with a resonance frequency
of 273-389 kHz and a force constant of 20 — 80 N/m. Five
areas were measured for each sample and analyzed by means
of the instrument software SPMLab Ver. 6.0.2 (Veeco).

The etched depth profiles were recorded crossing the centre
of the plasma treated polymer with a stylus surface profiling
system (Dektak 3ST, Veeco, USA) with a scan speed of
40 um/s and a force of the stylus tip on the surface of 10 mg.

The determination of the surface roughness and the radial
analysis of the etching depth profile were performed on 1 mm
thick PEEK plates.

D. Optical Plasma Diagnostics

Two-photon Absorption Laser-induced Fluorescence (TALIF)

The measurement of absolute ground state atomic oxygen
densities in the free effluent of the plasma jet by two-photon
absorption laser-induced fluorescence is based on the
simultaneous absorption of two UV-photons (A =225 nm)
exciting oxygen atoms from the ground state 2p* *P, into the
3p1 °P, state. The deexcitation into the 3s' °S state results in
the detected fluorescence at A = 844 nm which is proportional
to the oxygen ground state density [12]. The necessary laser
radiation is produced by a commercial laser system consisting
of a Nd:YAG pumped tunable dye laser (Continuum Powerlite
800, Continuum ND6000) and a following frequency-doubling
(KDP crystal) and -mixing (BBO crystal) unit generating laser
pulses with a frequency of 10 Hz. The fluorescence light in the
infrared is detected by an air-cooled photomultiplier (BURLE
C31034A) synchronized to the laser system. As the plasma
produces radiation of 842.42 nm by excited argon species,
which is spectrally very close to the detected TALIF-Signal,
the use of a interference filter (FWHM =1 nm, T= 50%,
Ao = 844.5 nm) in front of the photomultiplier is mandatory to
gain an acceptable signal to noise ratio [13]. By mounting the
plasma discharge on a three-axis manipulator and keeping the
optical setup fixed in space, space-resolved oxygen
distributions can be recorded with a resolution of about
200 pm. Detailed information about the experimental setup
can be found in former own publications [13]. The absolute
calibration of this diagnostics is performed by a comparing
measurement in a xenon atmosphere at a defined pressure,
described in detail in [14].



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

III. RESULTS AND DISCUSSION

1) Surface Chemical Analysis
For the determination of elemental surface composition and
thus, to analyze the changes in surface chemistry, XPS was
applied. The quantified surface composition reflects the effect
of the plasma-initiated surface functionalization. Fig. 3 shows
selected survey spectra of non-treated PEEK and PEEK
treated for 300 s by Ar and Ar/1%0; plasma, respectively.

| 300s Ar/1%0, plasma C1s
O1s
O KLL 0O/C:0.27
0/C: 0.20
‘ non-treated PEEK I
MWML/’J 0/C: 0.14
T T T T T T T T T T
1200 1000 800 600 400 200 0

Binding energy [eV]
Fig. 3. XPS survey spectra of non-treated PEEK and PEEK exposed to Ar and

Ar/1%0; plasma for 300 s, respectively, show the different amount of oxygen
(O 1s) and carbon (C 1s).

Non-treated PEEK is composed of oxygen (O) and carbon
(C) with an O/C ratio of 0.14 which is similar to the
stoichiometric value of the PEEK repeat unit (see Fig. 1),
O/C=3/19=0.16. The O/C value of non-treated PEEK,
obtained by XPS, is lower due to the contact of the sample
with ambient air, which results in a contamination of C on the
surface. However, after plasma treatment on all plasma-
exposed polymers a decreased C content and an increased O
content were measured. Hence, the degree of functionalization
of the PEEK surface, expressed as O/C ratio, was increased
after plasma exposure. Furthermore, the O/C value of PEEK
after 300s Ar/1%0, plasma was considerably higher
compared to the O/C value of Ar plasma treated PEEK. The
corresponding highly resolved measured C ls core-level
spectra of non-treated and plasma-treated PEEK as well as the
identification of functional groups, based on binding energies
of the peaks, are depicted in Fig. 4 for plasma exposure times
of 30 s and 300 s.

A
( ) 1.0 4 non-treated PEEK T
|| ——30s Ar plasma i ol
—— 300s Ar plasma | O
0.8 | O
g :
O 0.6+
E
2 041
0.2 1
0.0 4— —_—
294 292 290 288 286 284 282
(B) 1.0+ non-treated PEEK I
30s Ar/1% O, plasma ol
——300s Ar/1% O, plasma 1o
0.8 [ ] o

0.6 1

0.4

norm. CPS

0.2 1

0.0

T T T T T T T T
292 290 288 286
Binding energy [eV]

T L
294 284 282

Fig. 4. Highly resolved measured C ls spectra of non-treated PEEK and
PEEK exposed to (A) Ar plasma and (B) to Ar/1%0, plasma for different
exposure times.

The C Is spectrum of non-treated PEEK was fitted using
three components assigned to C-C/C-H (carbon atoms in the
phenyl ring) at a binding energy (BE) of 284.7 eV, C-O (ether
group) at BE: 286.4 ¢V, and C=0 (ketone group) at BE:
287.2 eV [15]. The peak at BE: 291.7 ¢V is a shake-up
satellite due to T—m transition arising from electrons in the
aromatic ring which is commonly present in aromatic
structures. Hence, the m—mn shake-up satellite is associated
with sp” hybridized orbitals associated with benzenoid ring
systems and carbon-carbon double bonds, which provides
information on the degree of unsaturation of the surface [16].
From visual examination of the shape of the highly resolved
C1s spectra it is evident that the content of oxygen-
functionalities was increased after plasma exposure. Five
distinct peaks were fitted in the C 1s spectra of plasma-treated
PEEK. Additionally to the above mentioned peaks of non-
treated PEEK, a peak at higher binding energies (shift of
4.6 eV) which represents carboxyl groups, O-C=0, in acid or
ester bindings, was observed for all samples.

In Table I the relative percentages of the functional groups
of PEEK in terms of gas mixture and plasma treatment time is
listed.
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TABLE I
RELATIVE PERCENTAGES (%) OF BONDING COMPONENTS IN DECONVOLUTED
HIGH RESOLUTION C 1S SPECTRA (MEAN + SD, N = 5).

C-C/C-H' CO C=0 O0-C=0
75.4 19.7 49
66.940.2 22.0+1.1 6.5+1.3 4.6+1.1

300 s Ar plasma 63.6+0.1 24.7+£1.0 6.9+0.3 4.7+1.2
30 s Ar/1%0; plasma  62.9+0.9 22.8+0.8 5.6+1.4 7.7£0.7
300 s Ar/1%0, plasma 58.5+0.7 23.3£0.2 8.4£0.2 9.8%0.5

lincluding T—7* shake-up peak

non-treated PEEK
30 s Ar plasma

The relative amount of functional features of non-treated
PEEK was consistent with the theoretical values expected from
its chemical structure [15].

Along with the increased O/C ratio demonstrated in Fig. 3,
the highest relative percentages of functional groups were
found to be after long-time Ar/1%0, plasma exposure. In
comparison to Ar plasma-treated substrates, higher levels of
oxygen-containing groups were achieved after Ar/1%0,
plasma exposure. A considerable increase in C=0 and O-C=0
groups was observed, whereas slight changes occurred in the
content of C-O groups. Due to the increase of functional
features, a relative reduction of C-C/C-H bonds can be seen.
Nevertheless, the shake-up peak is still present in the C 1s
core-level spectra of plasma-treated substrates suggesting that
the aromaticity of PEEK is not destroyed. Furthermore, the full
width at half maximum (FWHM) of the C-C/C-H peak at the
binding energy of 284.7 eV showed no significant changes in
terms of applied process gas and treatment time. In detail, the
FWHM of the C-C/C-H peak of non-treated PEEK was 1.0 eV
whereas the FWHM after 300 s Ar plasma and Ar/1%0,
plasma was found to be 0.9 eV which made it difficult to fit
the spectra using a component at 285.0 eV, assigned to
aliphatic C-C/C-H bonds, which would indicate ring-opening
after plasma treatment. Therefore, valence band (VB) spectra
of these PEEK samples were acquired to reveal the
information to what extent plasma-initiated ring-opening
occurs since the chemical structure of the polymer backbone
produces characteristics features, which represent the
“fingerprint” of the particular polymer. These spectra are
analyzed to obtain information on the chemical environment of
the elements and hence, the molecular structure of the polymer
surface [17]. The VB spectrum is characterized by electrons of
low binding energy emitted from delocalized or bonding
orbitals of the polymer [18]. Furthermore, the energy
distribution of electrons involved in bonding between atoms of
molecules is shown. Thus, it reveals information on features
characterized by bonding, anti-bonding, and non-bonding
state. Fig. 5 represent the VB spectra of non-treated PEEK
(Fig. 5 A) and PEEK exposed to Ar (Fig. 5 B,C) and Ar/1%0,
(Fig. 5 D, E) plasma after 30 s and 300 s, respectively.

O 2s
—

c2
S C 2p

(E)
(D)

(©)
(B)

(A)
T T T T T T T T T T T T T T T T T T T T T T
30 27 24 21 18 15 12 9 6 3 0
Binding energy [eV]
Fig. 5. Valence band spectra of (A) non-treated PEEK and PEEK exposed to
(B) 30 s Ar, (C) 300 s Ar, (D) 30 s Ar/1%0, and (E) 300 s Ar/1%0; plasma.

The VB spectrum of non-treated PEEK is dominated by a
triplet pattern between 10.0 and 22.0 eV corresponding to
molecular orbital with 2s character associated with C-C bonds
localized on the phenyl ring [19]. In detail, the peak at 20.0 eV
results from so(C2s-C2s; C2s-O2s) bonding orbitals due to
-C=C- of the phenyl ring, C=0, and C-O- bonds. The spectral
features in the range of 17.0-12.0eV are owing to
s6(C2s-C2s), po(C2s-C2p) and po (C2s-C2p), pco(C2s-02p)
bonding orbitals, respectively, assigned to -C=C- of the phenyl
ring, C=0, and C-O- bonds [20], [21]. The distinct peak at a
binding energy of 27.0 eV is related to molecular electronic
levels where O 2s atomic orbital contributions are dominant
from so (02s-C2s) and po (C2s-O2p) orbitals due to C-
0O/C=0 functionalities. The O 2s band consist of two peaks
where the higher binding energy peak arising from the ether
(C-0) and the lower binding energy peak being derived from
the carbonyl groups (C=0) [22]. The small features in the
region below 11.0 eV are attributed to C 2p and O 2p states
formed by extended 7 states. In particular, the region between
11.0-8.0 eV are determined by pm (C2p-C2p) bonding of the
phenyl ring (-C=C-) and pm(C2p-O2p) bonding orbitals of
C=0 whereas the peak located at around 3.0 eV is attributed to
pr orbitals associated with the oxygen lone pair nonbonding
orbitals in -O-, =O functional groups [23]. The C 2p & orbitals
produce the shake up satellite in C s core-level spectra [19],
[24]. Bands in this region are derived from m-type bonding and
nonbonding orbitals on the phenyl ring or carbonyl [25]. Since
the atomic photo-ionization cross section of 2p-electron
contributions is smaller compared to C 2s cross section, the
intensity of features is less intense than those located at higher
binding energy.

As can be seen in Fig. 5 the major effect in VB spectra after
plasma treatment (Fig. 5 B-E) was a substantially increase in
the intensity of the peak assigned to O 2s (BE: 27¢eV),
especially after 300 s Ar/1%0, plasma treatment (Fig. 5 E),
concomitant with the increased O/C ratio and the enhanced
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content of oxygen-containing functionalities after plasma
treatment. To emphasize changes in VB spectra after plasma
treatment and to simplify the comparison to the VB of non-
treated PEEK, the background of the VB spectra was
subtracted and digital signal processing (by using a FFT filter)
was applied which is depicted in Fig. 6 for non-treated PEEK
(lower curve) and PEEK exposed to Ar/1%0, (upper curve)
plasma for 300s, respectively. According to the prior
discussion of the spectral feature at 27 eV, the VB spectra are
only shown in the range of 22.0-0.0 eV.

raw data
----300s Ar/1% O, plasma

- non-treated PEEK

2004

150

PS

O 1004

Binding energy [eV]

Fig. 6. Background subtraction of the valence spectrum of non-treated PEEK
and Ar/1%0; plasma treated PEEK (300 s exposure time).

Additionally to the mentioned increase in the O 2s peak
after plasma treatment, changes in the region between 2.0 and
11.0 eV were observed characterized by a broadening of the
spectral features. This broadening is probably attributed to the
presence of many electronic states where mainly O 2p and
C 2p atomic orbitals participate [26]. Furthermore, the VB
spectrum of Ar/1%0, plasma-treated PEEK shows that the
original C 2s spectral features (20.0-10.0 eV) of non-treated
PEEK were maintained after plasma treatment even after
substantial incorporation of oxygen into the surface of the
polymer. This suggests that the basic structure of PEEK is still
intact. Furthermore, these observations show that the VB
spectra sustain the conclusions from the peak fit of the core-
level C 1s spectra. Consequently, it might be assumed that
there is no indication of ring-opening by cleavage of the
aromatic structure after plasma treatment. Therefore, due to
the stability of ether-like bonds, which is attributed to the high
radiation resistance of the ether linkage stabilized by the two
contiguous benzene rings [27], it is most likely that the oxygen
incorporation occurs into the benzene rings [28]. According to
these results the changes in the chemical structure of PEEK are
discussed hereinafter. Furthermore, proposed chemical
structures, resulting from plasma treatment, are presented.

It is well known that oxygen atoms can react with aromatic
rings to form phenols [29]. Consequently, starting from the
PEEK structure (1)

OOt

the initial step of oxidation is the attack of reactive species
on the phenyl ring. In this way generated radicals at the phenyl
ring of the polymer undergo further oxidation processes (e.g.
through atomic oxygen, OH radical, or ozone) which results in
the formation of a phenolic structure (2) [30]. This reaction
leads to loss of plasma-generated oxygen species without
forming free radicals or products involved in cleavage of the
polymer backbone.

Subsequent reactions on the phenol result in further radical
formation [31] where in the presence of oxygen species
peroxyl radical (3) is formed, a radical intermediate, which is
converted for instance into a carbonyl group (4).

HO
A OO
OO -

Furthermore, the attack of the phenol by radicals can also
lead to the formation of phenoxyl radical for instance via
hydrogen abstraction (5) [32].

By the reaction of the phenoxyl radical peroxyl radicals (6)
can be formed.

O
A OO

The peroxyl radical can decompose to a hydroxyl group (7)
or to a carbonyl group (8) [33].
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Summarizing, structure (7) and (8), namely hydroquinone
and quinone, are believed to be the mainly produced polymer
structures after plasma treatment which was also postulated by
Seidel et al. [28].

Since XPS data revealed a significant introduction of
0=C-O functional groups onto the plasma-treated surface and,
as already mentioned, ring-opening can not be derived from
the results, a possible explanation might be the creation of
O=C-O bonds caused by oxidation of the ketone group after
chain scission according to (9) [28].

e OO o

Furthermore, the content of O=C-O bonds was highest after
A1/1%0, plasma treatment which indicates that the capability
of Ar/O, plasma in chain scission reactions is enhanced. This
is not surprising because prior investigations on the etching
efficiency of Ar and Ar/O, plasma showed significant etching
behavior of the plasma jet when oxygen was added to the
argon gas discharge [10]. Hence, extensive chain scission will
result in polymer ablation influencing the surface morphology
and topology of the plasma-treated PEEK surface.

2) Surface Morphology and Topology
In order to evaluate the impact of plasma-induced etching
processes on PEEK atomic force microscopy (AFM) was
applied. Representative 2-D images of non-treated PEEK and
PEEK exposed to Ar and Ar/1%0, plasma for 30, 60, 120,
and 300 s, respectively, are shown in Fig. 7.

non-reated

16058 nm 10 HM |
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0.00 nm
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Fig. 7. 10 pum x 10 um 2-D AFM images of: (A) non-treated PEEK, PEEK
exposed to (B) 30 s Ar plasma, (C) 60 s Ar plasma, (D) 120 s Ar Plasma, (E)
300 s Ar plasma, (F) 30 s Ar/O, plasma, (G) 60 s Ar/O; plasma, (H) 120 s
Ar/O; plasma, and (I) 300s Ar/O, plasma. The height information is
represented according to a color code included on the right of each image.

Fig. 7 A displays the surface topography of non-treated
PEEK, which is characterized by a rough-grained structure.
After 30 s exposure to Ar (Fig. 7 B) and Ar/1%0, (Fig. 7 F)
plasma, a few surface grains appeared on the surface but no
significant changes compared to Fig. 7 A were observed.
Whereas PEEK samples exposed to Ar and Ar/O, plasma for
60 s (Fig. 7 C and 7 G) exhibited initial changes in the surface
topography characterized by the appearance of several small
nanostructures on their surfaces especially after Ar/1%0,
plasma. Long-time plasma treatment with exposure times of
120 s (Fig. 7D and 7 H) led to an increase of the number of
grains and the formation of spikes of considerable height. The
difference between the surfaces treated with Ar and Ar/1%0,
plasma is noticeable: after Ar/1%O0O, plasma treatment the
surface was characterized by a multitude of spikes and grains.
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Furthermore, the spikes on Ar plasma treated PEEK surface
were not as dense packed as on PEEK after 120 s Ar/%0,
plasma exposure. These dramatic changes in the surface
topography can be attributed to the admixture of molecular
oxygen leading to the generation of chemically reactive
species etching the polymer surface. Only at treatment time of
300 s a nano-texturing of the surface was observed by using Ar
plasma (Fig. 7 E). Furthermore, after 300 s Ar/1%0, plasma
exposure (Fig. 71) it seems that the nanostructures are
combined to broadened surface grains (nano-columns).
Consequently, the 2-D images indicate an increase of the
surface grain height with treatment time. A detailed look on
the height profiles deduced from the recorded AFM images
confirms this assumption. Fig. 8 shows the height profile of
non-treated PEEK compared to those of PEEK exposed to
Ar/1%0, plasma for 60 s and 300 s, respectively.

240
200 Jnon-treated PEEK
160
120

Height [nm]

0 1 2 3 4 5 6 7 8 9 10
200 60s Ar/1% O, plasma

Height [nm]
3
1

Height [nm]
3
|

um
Fig. 8. Height profiles of non-treated PEEK and of PEEK exposed to
Ar/1%0; plasma for 60 s and 300 s, respectively. The height profiles were
obtained from the analysis of the AFM images.

The structure of non-treated PEEK revealed a grain-like
structure of a maximum height of approximately 80 nm and a
width of up to 1 um. After 60 s plasma-exposure the grain
height was increased to 120 nm whereas the width of these
structures was reduced to 0.5 um. A further increase of the
grain height was observed after long-time plasma treatment
(300 s), heights of approximately 200 nm were estimated and
additionally, a broadening of these nano-structures was
observed characterized by widths above 1 um. According to
these height profiles a dependence of the averaged surface
roughness R, on the treatment time and, of course, on the
process gas was determined (see Fig. 9).
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Fig. 9. Evolution of the averaged roughness (R,) versus the treatment time for

Ar plasma (--®--) and Ar/1%0, plasma (—m—), respectively. The R, value
of non-treated PEEK was 13.5 nm + 1.8 nm. (mean + SD, n = 5)

An increase in the surface roughness with increasing
treatment time was observed. Furthermore, the admixture of
molecular oxygen to the argon gas discharge resulted in higher
surface roughness due to the greater etching capability of
Ar/O, plasma compared to Ar plasma [10].

Despite the localized plasma treatment a considerable larger
area of the polymer is considered to be influenced by the gas
discharge. In order to estimate the extent of plasma-affected
changes in surface roughness a radial line scan across the
plasma-treated PEEK surface was measured. The radial
evolution of R, examined after 180s Ar/1%0, plasma

treatment is depicted in Fig. 10.
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Fig. 10. Radial dependence of the averaged roughness (R,) after 180s
Ar/1% O, plasma treatment. (mean + SD, n = 5).

It can be seen that with increasing radial distance to position
'0', where the localized plasma treatment was performed, the
R, values declined. After a radial distance of 4.5 mm the R,
value is similar to the R, value of non-treated PEEK. Hence,
the plasma-based etching process is restricted to an area of less
than 6-7 mm in diameter. Detailed information on the radial
depth profile across the entire PEEK surface was received by
means of a stylus surface profiler as function of the etching
process The surface profilometry is a simple method to study
the influence of different operating parameter, such like
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operating gas, treatment time, and operating distance, on the
etching process (e.g. etching rate) [10]. Obtained from
recorded depth profiles, etched mass can be calculated
precisely and the etching mechanism can be explored. Fig. 11
gives an example of depth profiles of plasma treated PEEK
exposed to Ar/1%0, plasma for 15 min obtained at jet-nozzle-
to-substrate distances of 5 and 7 mm, respectively.
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Fig. 11. Dependence of the etching depth on the axial distance. The PEEK
substrates were exposed to Ar/1%0, plasma for 15 min at jet-nozzle-to-
substrate distances of 5 and 7 mm.

Plasma-induced etching processes yield Gaussian shaped
depth profiles. The measured etching depth depends strongly
on the operating distance. Hence, the etching depth was
reduced by a factor of approximately 1.8 at a jet-nozzle-to-
substrate distance of 7 mm. Furthermore, in agreement with
the radial measured surface roughness R,, the changes in the
surface profiles extend over an area of around 7 mm in
diameter. However, a detailed investigation of these depth
profiles relating to the results of the applied plasma
diagnostics is presented in the following section.

3) Plasma Diagnostics

Key reactive species within the plasma jet effluent is
expected to be atomic oxygen, a highly oxidizing species. To
get information on the dependence of the atomic oxygen
density within the plasma jet effluent TALIF-spectroscopy was
applied, which directly yields spatially resolved absolute
values for the concentration of oxygen atoms within the
plasma jet effluent [37], [38].
Fig. 12 depicts the atomic oxygen densities (A), measured by
TALIF spectroscopy, and the etching depth (B), determined by
surface profilometry, a as function of the molecular oxygen
admixture for different axial distances (5 and 7 mm). The
etching depths were estimated on-axis at a radial distance of
‘0",
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Fig. 12. A: Dependence of the oxygen density on the axial distance and the
oxygen admixture. B: Etching depth vs. oxygen admixture obtained at
different axial distances. The PEEK substrates were plasma-treated for
15 min.

At first, the two graphs in Fig. 12 A show similar behavior
consisting of a steep increase for small admixtures up to
0.4 vol% oxygen, followed by a flattening for medium
admixtures. This trend finally results in atomic oxygen
densities of about 1.75 x 10" cm™ at 5 mm distance and about
0.8x 10" cm™ at 7mm for oxygen admixtures of 1.5 vol%.
This flattening of the ascent is usually explained by the
declining of the mean electron temperature, because of the
increase of molecular oxygen in the discharge which is a sink
for high energetic electrons. The model by Park predicts that at
the used oxygen admixtures the electron temperature stays
constant, but since oxygen is an electronegative gas,
attachment processes become a loss channel for electrons [39].
The general behavior of the atomic oxygen density in
Fig. 12 A does not change with increasing distance from the
nozzle, but the atomic oxygen concentrations decrease about
50%. The dominating process for this lateral drop in the
atomic oxygen density, is the formation of ozone [40]. In
relation to the determined evolution of oxygen densities a
similar tendency was observed for the dependence of the
etching depth on the oxygen admixture (Fig. 12 B). The two
graphs in Fig 12 B are characterized by a steep slope for
oxygen admixtures up to 0.4 vol% whereas, between 0.4 and
1.0 vol% oxygen admixture, a shallower slope can be seen.
Regarding the influence of the axial distance on the etching
process, the etching depth was decreased about 43% at an
axial distance of 7 mm which is in good agreement with the
measured atomic oxygen density, too. Consequently the
evolution of the oxygen density and the etching depth showed
similarities that indicate that the etching process is mainly
governed by oxygen species. For the elucidation of the
assumed correlation between oxygen density and etching
process the etched mass was calculated from the recorded
depth profiles by the following considerations:

Taking into account that the etched profile is axially
symmetric and that the depth profile is considered to have a
Gaussian bell-like shape, the etched volume and hence, the
etched mass, can be calculated from the radial measured
profile. The volume was calculated according to
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The etched mass was calculated by
Meten = Vetch P (II)
with a density of p= 1.3 g/em’ for PEEK.
The calculated etched mass (obtained from axial distances
of 5 and 7 mm with oxygen admixtures from 0 — 1 vol%, see
Fig. 12) are displayed in Fig. 13.
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Fig. 13. Dependence of the etched mass on the oxygen density. The etched
mass was calculated from the radial depth profiles of PEEK substrates
exposed to Ar plasma with different oxygen admixtures (0-1 vol% O;) located

at axial distances of 5 and 7 mm.

This graph shows a linear etching behavior which shows
that the etching process is proportional to plasma-generated
oxygen species. Regarding the reactive species, additional to
atomic oxygen, high concentrations of ozone, of the order of
10" cm™, is emitted by the plasma effluent [41]. In principal,
the ozone concentration is proportional to the atomic oxygen
concentration following an exponential law with increasing
oxygen admixture and reaching a saturation towards higher
oxygen admixtures [41]. Hence, it can be assumed, that both,
atomic oxygen and ozone might be contributing equally to
polymer etching.

As shown in Fig. 11 the etching process occurs not only on
the jet axis, but also adjacent to the impinging plasma effluent.
Therefore, the radial distribution of the oxygen density was
investigated. Fig. 14 shows the correlation of measured radial
atomic oxygen density profiles to the corresponding depth
profiles at different axial distances.
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Fig. 14. Correlation of the etching profile and the radial distribution of the

atomic oxygen density obtained at a jet-nozzle-to-substrate distance of 5 and

7 mm applying Ar/1%0; plasma. Both profiles of the oxygen density were

fitted with a Gaussian function.

Analogous to Fig. 13, it can be seen that the etching depth
of the surface was increased with the absolute atomic oxygen
peak density, thus both depend on the distance between target
and jet-nozzle. The oxygen distributions as well as the depth
profiles are symmetrical to the jet axis and their full widths at
half maximum do not change with increasing axial distance
from 5 to 7 mm. But the radial profile of the oxygen density
and the radial depth profile differ in width from each other.
Thus, derived from the presented data, a FWHM of 3.4 mm
for the depth profile and a FWHM of 1.2 mm for the oxygen
profile was determined. Since the jet effluent has a conical
shape, the FWHM of the oxygen profile is slightly smaller than
the inner diameter of the quartz capillary. However, from the
constant width of the oxygen profile it can be concluded that
diffusion of atomic oxygen perpendicular to the gas beam, thus
resulting in a broadening of the distribution, is negligible. The
question that arises is why the oxygen and depth profile differs
in width, although Fig. 13 and 14 suggest that the etched mass,
and because of the constant radial distribution, the maximal
etching depth are directly depending on the atomic oxygen
density. One would expect a width of the area affected by
etching according to the width of the atomic oxygen
distribution, if atomic oxygen is the only candidate for etching
and other reactive species or radiation, having a maybe wider
radial distribution, are neglected. A possible explanation might
be the influence of produced ozone. Previously studies
analyzed the spatial distribution of ozone depending on the
axial distance [41]. The results showed an ozone diffusion of
several millimeters in radial direction forming a funnel-shaped
profile with increasing axial distance. Therefore, the
broadening of the depth profiles may result from the
contribution of plasma generated ozone. Furthermore, it has to
be noted that the conditions under which the two diagnostics
(TALIF and surface profilometry) have been executed were
different. The etching measurements were performed on a
target surface, but the TALIF - measurements have not been
carried out in front of a surface, thus the interaction of the
target and the oxygen gas beam resulting in a possible
broadening of the oxygen distribution was not investigated.
Thus measurements in direct vicinity to the surface are
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essential. Comparable measurements of the atomic oxygen
density in front of a target surface, in the effluent of the
helium-driven u-APPJ, offer a clue to this problem [42]. Here,
dependent on the target material, a broadening of the radial
oxygen distribution close to the surface was measured. For
instance the oxygen signal was estimated to be up to five times
wider directly on the metallic surface (gold) than in the free
undisturbed effluent. But in contrast, using a polymeric target
(PET) in front of the effluent did not result in a significant
influence in the oxygen signal. Therefore, a broadening of the
oxygen profile on the PEEK surface might be neglected but
will be investigated in further studies.

IV. SUMMARY AND CONCLUSION

The etching mechanism of an argon atmospheric pressure
plasma jet, impinging a PEEK surface, was investigated. The
impact of admixtures of molecular oxygen on the surface
properties was studied in detail. Physico-chemical surface
analysis revealed that a number of new carbon-oxygen
functionalities have been introduced into the polymeric
surface. Especially after Ar/1%0, plasma a significant
increase in the O/C ratio and in the content of oxygen-
containing functionalities was measured. Furthermore, the
fitted C 1s core-level spectra contained an additional peak
which was assigned to carboxyl groups. From the FWHM of
the aromatic C-C bonds, employed in the peak fit, and the still
present shake-up peak plasma-induced ring-opening is
unlikely. Also the analysis of the valence band spectra showed
no indication for ring-opening after plasma treatment. Since
the C s spectra exhibited no decrease in the carbonyl and
ether bonds an oxidation on the benzene ring is considered
which results in the formation of structures like phenol,
hydroquinone, and quinone. The presence of carboxyl groups
on the surface, which were observed especially after Ar/1%0,
plasma treatment, indicates chain scission on the ketone group.
The increased chain scission by using Ar/O, plasma is based
on the enhanced etching capability of this plasma compared to
pure argon plasma. This was also confirmed by atomic force
microscopy. The surface roughness of PEEK was enhanced
after Ar and Ar/1% O, plasma but the surface roughness was
remarkably higher after Ar/1% O, plasma. From an initial
relative smooth PEEK surface, grains of several hundred
nanometers in height were measured after Ar/1%0, plasma
treatment. However, radial measured depth profiles exhibited a
symmetric-shaped etch crater which can be described by a
Gaussian function. Furthermore, with increasing axial distance
the etching depth, derived from the depth profiles, declined. In
order to obtain more information on the etching process
surface analysis was accomplished by two-photon absorption
laser-induced fluorescence spectroscopy. Since the etching
efficiency is increased when molecular oxygen is added, it can
be assumed that plasma-generated oxygen species are mainly
contributed in this plasma process. The absolute atomic
oxygen density was determined by TALIF spectroscopy. The
dependence of the atomic oxygen density on different gas

mixtures and axial distances was examined. It was found that
the density increase became more pronounced with oxygen
admixture. Moreover, the evolution of the oxygen density was
characterized by a steep increase for small admixtures
followed by shallow increase at higher oxygen admixtures
reaching a saturation-like state. Regarding the determined
etching depth a very similar tendency were observed. Deduced
from these results it can be concluded that the etching process
is proportional to the processes involved in the generation of
reactive oxygen species. Additionally, the radial depth profiles
nearly followed the radial evolution of the oxygen density.
Certainly, the full widths at half maximum of the depth profiles
were larger compared to those of the radial oxygen profiles.
This observation implies that also other reactive species, that
have a wider radial distribution, are involved in etching
processes. A candidate for this assumption is ozone.
Previously published data, performed with this jet, showed
exactly the same exponential evolution of the ozone
concentration with molecular oxygen admixture. Furthermore,
the radial and axial ozone profile exhibited a funnel-shaped
evolution based on the radial ozone diffusion of several
millimeters. Hence, it can be assumed that the radial depth
profile is also influenced by ozone.
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Comparison of Nonthermal Plasma Processes on
the Surface Properties of Polystyrene and
Their Impact on Cell Growth
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Klaus-Dieter Weltmann, Member, IEEE, and Thomas von Woedtke

Abstract—The initial adhesion and spreading of cells are crucial
factors for the successful performance of a synthetic biomaterial
used for cell culture disposables or human medical devices (e.g.,
implants). Surface properties which allow the control of the at-
tachment of cells are decisive for the acceptance of the provided
material. Hence, different surface preparation techniques are used
to equip surfaces with functional groups to improve initial surface
interactions. In this paper, polystyrene (PS) surfaces were modi-
fied by using different nonthermal plasma processes. In particular,
low-pressure plasma and atmospheric-pressure plasma were ap-
plied to modify surfaces or to deposit thin films on surfaces. Fur-
thermore, the behaviors of human osteoblastic cells with respect
to cell viability and cell growth on differently plasma treated PS
surfaces are investigated. A comparison is made between plasma-
grafted PS and commercially available PS—such as tissue-culture
PS and Primaria. The cell studies were accompanied by surface
analysis comprising atomic force microscopy, determination of
surface energies, and X-ray photoelectron spectroscopy measure-
ments. This work demonstrates that the functionalization of PS
substrates by applying low-pressure and atmospheric-pressure
plasma processes are equally effective in the improvement of cell
attachment and proliferation. Furthermore, it is shown that the
enhanced metabolic activity and spreading behavior of osteoblas-
tic cells correlate well with an increase in surface wettability
and the introduction of polar oxygen- and/or nitrogen-containing
functional groups after plasma treatment.

Index Terms—Atmospheric-pressure plasma,
plasma, osteoblastic cells, surface modification.

low-pressure

I. INTRODUCTION

OLYMERS exhibit advantageous properties, such as pro-
cessability, recyclability, mechanical properties, and low
cost; thus, they are well suited for different application; par-
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ticularly, a wide variety of polymers is applied as artificial
biomaterials [1]. However, because these materials are usually
characterized by low surface energies and poor chemical reac-
tivity, they do not possess the necessary surface characteristics
for proper function [2]. Therefore, functionalization or coating
processes are required to create chemical functionalities [3].
For this purpose, advanced nonthermal plasma processes ex-
hibit an enormous technological potential for surface and
material processing. Hence, two types of gas discharges are
applied in nonthermal plasma technology [4]: 1) the use of
low-pressure devices which ensure a uniform and well-defined
surface modification, are stable, and can be easily controlled
and 2) the use of atmospheric-pressure-plasma devices that
do not require expensive vacuum equipment, can be easily
implemented in continuous in-line processes, and, due to their
scalability, offer the possibility to treat large products, even
with a complex 3-D geometry. The application of gas-discharge
plasmas can lead to surface activation and functionalization.
Most of all, for biomedical applications, the functionalization
is of particular importance, since functional groups control the
conformation of biomolecules during adhesion and prolifera-
tion [3]. Hence, cell adhesion plays an important role in cellular
physiological functions and in the integration of implantable
biomedical devices to cells. The adhesion and proliferation
of cells are strongly influenced by the presence of functional
groups, surface energy, and roughness of the biomaterial [5].
Consequently, a good understanding of the relationships be-
tween the behavior of cells and the physicochemical properties
of the substrates is of importance for the optimization of cell
cultures. Current research is focused on the improvement of the
biocompatibility (defined as the ability of a material to perform
with an appropriate host response in a specific situation [6])
of biomaterials by using plasma-assisted surface modification
and/or thin-film deposition [7], [8]. For this purpose, many
studies have been reported using various plasma-based ap-
proaches and process gases [2]. Moreover, low-pressure plasma
processes have gained considerable attention to improve the
biocompatibility of different materials, usually using plasma-
assisted coating methods [9]. As evidenced in previous work,
those plasma processing procedures can be used to induce, for
instance, nitrogen-containing groups (e.g., amino groups) on
surfaces which are further capable of initiating cell adhesion
and cell proliferation [10]-[12]. Hence, plasma processes for
the surface grafting of biomaterials are traditionally performed

0093-3813/$31.00 © 2012 IEEE
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at low pressure. However, due to the geometrical confinements
of low-pressure plasmas and their need of vacuum systems, the
interest toward the application of atmospheric-pressure plasmas
in material processing is emerging worldwide [13].

In this paper, we analyze the effect of human osteoblas-
tic cell spreading on polystyrene (PS) substrates of different
surface properties, and a comparison is made between dif-
ferent plasma-treated PS surfaces. For instance, low-pressure
nitrogen-containing plasma was applied either to functionalize
the surface or to deposit a nanometer-thick aminofunctional
thin film on the surface. Additionally, atmospheric-pressure
plasma was applied with different operating gases (inert and
reactive gases) to modify PS. Furthermore, conventional com-
mercially available PS substrates, namely, tissue-culture PS
(TCPS) and Primaria, were used as reference material. PS
covered with a fluorine-containing thin film served as negative
control. We investigated the effect of the different modification
methods on cell-surface interactions in respect to the surface
properties which were characterized by applying atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS),
water contact angle, and surface energy measurements, respec-
tively. Here, we demonstrate that a similar improvement in
cell spreading, compared to low-pressure plasma, was achieved
using atmospheric-pressure plasma.

II. MATERIALS AND METHODS
A. Materials

PS cell culture dishes were obtained from the following com-
mercial sources: Sterile Falcon non-tissue-culture-treated PS
[PS (BD)] and Primaria were purchased from Becton Dickinson
Bioscience (Heidelberg, Germany). Primaria features nitrogen-
containing tissue-culture surfaces that support cell growth [14].
TCPS, whose surface was modified by using oxygen corona
discharge, was purchased from Corning (Amsterdam, The
Netherlands). Wafers with diameters of 15 mm were punched
out of the bottom of the cell culture dishes. Only the PS (BD)
wafers were used for plasma treatments. Primaria and TCPS
served as reference material.

PS is an aromatic hydrocarbon polymer with a simple chem-
ical structure containing no chemical functional groups which
facilitates clear information on the impact of plasma on the
chemical surface composition. Furthermore, PS was selected
because of its particular relevance in biomedical applications.

B. Plasma Sources and Plasma Treatments

For the comparative investigations, different plasma treat-
ments were applied. The chosen process parameters are based
on empirical data assessed by prior investigations [15]-[18].
Furthermore, considering the heat-sensitive property of PS, the
applied plasma processes ensure a gentle surface treatment
excluding material destruction.

1) Low-Pressure Plasma: For the plasma-assisted modifi-
cation and thin-film deposition at low pressure, a microwave
(MW)-excited (2.45 GHz) gas-discharge plasma (V55G,
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Fig. 1. Schematic drawing of the low-pressure-plasma processor with the MW
source (according to [18]).

Plasma Finish, Germany) was applied (see Fig. 1), as described
in [15]. The following plasma processes were used.

1) NHs: Substrates were exposed to continuous wave (cw)
ammonia plasma (40 sccm NHs, 500 W, 50 Pa) in a
downstream position of 5 cm from the MW coupling
window for a duration of 30 s.

2) Os: Functionalization of the substrates by using pulsed
oxygen plasma (1200 W, 100 Pa, 60 sccm O5/40 sccm
Ar) for a time of 100 s at a downstream position of
11 cm from the MW coupling window. Note that the
abbreviation “Os MW" is used for this plasma process
in this contribution.

3) Plasma polymerization of allylamine (PPAAm): Sub-
strates were treated in a downstream position, 9 cm from
the MW coupling window. The procedure is divided into
two steps: 1) activation of the substrate by a cw oxygen
plasma (500 W, 50 Pa, 100-sccm O5/25 sccm Ar) and
2) PPAAm by an MW-excited pulsed gas-discharge
plasma for 960 s (500 W, 50 Pa, 50 sccm Ar) [16].

4) PPCgFg: The deposition was carried out in a downstream
position, 9 cm from the MW coupling window. The
procedure is divided into two steps: 1) activation of
the substrate by a pulsed argon plasma (800 W, 50 Pa,
50-sccm Ar) for a time of 330 s and 2) the plasma
polymerization of hexafluorobenzene (PPCgFg) by an
MW-excited pulsed gas-discharge plasma for 1320 s
(800 W, 50 Pa, 50 sccm Ar).

2) Atmospheric-Pressure-Plasma Jet: Fig. 2 shows a
schematic setup of the atmospheric-pressure-plasma jet
(kINPen, developed at the Leibniz Institute for Plasma Science
and Technology) used in this study. The plasma device consists
of a quartz capillary (inner diameter of 1.6 mm; outer diameter
of 4 mm) with a pin-type HF electrode (1.7 MHz) inside.
Further details of this type of jet, version kINPenQ9, are
described elsewhere [19]. Feed gases 5 slm argon (labeled as
“Ar jet”) or a mixture of 5 slm argon and 0.05 slm oxygen
(1% oxygen admixture; labeled as “Ar/O5 jet”) were applied.
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Fig. 2. (Left) Schematic setup of the plasma jet, according to [14], and (right)
plasma treatment of a PS substrate.
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Fig. 3.
density.

Chemical derivatization for the determination of primary amino group

The PS samples were treated locally at a distance of 5 mm to
the nozzle outlet (see Fig. 2, right) for 60 s.

C. Physicochemical Surface Analysis

The elemental surface composition and chemical binding
properties were analyzed by XPS using an AXIS Ultra DLD
electron spectrometer (Kratos Analytical, Manchester, U.K.).
The spectra were recorded by means of monochromated Al Ko
excitation (1486.6 eV) with a medium magnification (field of
view 2) lens mode and by selecting the slot mode, providing
an analysis area of approximately 250 yum in diameter. A pass
energy of 80 eV was used for estimating the chemical elemental
composition, and a pass energy of 10 eV was used for the high-
energy resolution of the C Is peaks to investigate chemical
functional groups. Charge neutralization was implemented by
low-energy electrons injected into the magnetic field of the
lens from a filament located directly atop the sample. Data
acquisition and processing were carried out using CasaXPS
software, version 2.14dev29 (Casa Software Ltd., U.K.).

Primary amino group density [—NHs] cannot be measured
with XPS directly. Therefore, a chemical derivatization with
4-trifluoromethylbenzaldehyde (TFBA) in a saturated gas phase
(37 °C for 2 h) was used. According to Fig. 3, [~NHy] values
can be deduced from the measured fluorine concentration;
more precisely, three fluorine atoms label one primary amino
group.

For the determination of the wettability, water contact angle
measurements on the surfaces were performed under ambient
air at room temperature by the sessile drop method using a
Digidrop contact angle analyzer (GBX Instrumentation Scien-
tifique, France) and a drop of distilled water with a defined

volume (0.5 pL). The contact angle of the resting drop was
determined, utilizing the software Windrop. Furthermore, the
polar and dispersive components of surface energy were cal-
culated from measurements of contact angles with different
liquids. In particular, water, ethylene glycol, and ethylene io-
dine contact angles were determined using the OCA 30 contact
angle measuring system (Data Physics Instruments GmbH,
Filderstadt, Germany) with the sessile drop method. The sur-
face energy was calculated according to the methods of Owens,
Wendt, Rabel, and Kaelble [20].

Changes in the surface roughness were determined by a
scanning probe microscope diCP2 (Veeco, Santa Barbara, CA,
USA) in the noncontact mode, particularly tapping mode.
An area of 10 pm x 10 pum was scanned using a pyramidal
silicon tip doped with n-type phosphorus with a resonance
frequency of 273-389 kHz and a force constant of 20-80 N/m
(Veeco, RTESPA-CP). Five areas were recorded for each sam-
ple and analyzed by means of the software SPMLab Ver. 6.0.2
(Veeco).

D. Cell Culture and Preparation of Human Osteoblastic Cells

For in vitro investigations, human osteoblastic cells (MG-
63, ATCC, CRL-1427, Promochem, Wesel, Germany) were
used. Probes were placed into 12-well chambers (Greiner Bio
One, Frickenhausen, Germany), and cells were cultured with
a density of 4 x 10* cells/probe in Dulbecco’s modified Eagle
medium (Invitrogen GmbH, Darmstadt, Germany) with 10%
fetal calf serum (PAA Laboratories, Pasching, Austria) and 1%
gentamicin (Ratiopharm GmbH, Ulm, Germany) at 37 °C and
in a 5% CO4 atmosphere.

Metabolic activity was analyzed after 24 h of cultivation,
and the Cell-Titer-96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, USA) was used. With an Elisa
Reader (Anthos Reader 2010, Anthos Mikrosysteme GmbH,
Krefeld, Germany) at a wavelength of 492 nm, colorimetric
measurements were performed.

For measurements of cell area, cells were trypsinated and
washed with phosphate buffer saline. Before cells were seeded
onto the probes, the cell membrane was stained with the red
fluorescent linker PKH26 (PKH26 General Cell Linker Kit,
Sigma-Aldrich Chemie GmbH, Miinchen, Germany). After
cultivation of 1 and 24 h, cell fixation was performed using
4% paraformaldehyde, and the probes were fixed on a slide
using double-face glue strip, and finally, cells were embedded
with a cover slip. Cell areas of 40 cells per specimen were
analyzed using the function “area measurement” of the con-
focal laser scanning microscope LSM 410 (Carl Zeiss, Jena,
Germany).

E. Statistical Analysis

The results are presented as mean * standard
deviation (SD). Statistical analysis was performed on
the data from the biological experiments at the significance
level of less than 0.05 (p < 0.05). The data from each surface
were compared to those of the control PS (BD).
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Fig. 4. 5 pm X 5 pm 2-D and 3-D AFM images of (a) PS (BD), (b) Ar-jet-
plasma-treated PS, (c) Ar/Oz-jet-plasma-treated PS, and (d) PPCgFg-
coated PS.

III. RESULTS AND DISCUSSION

The first cell-surface interaction is based on physicochemical
reactions such as ionic forces and van der Waals forces [21].
Subsequently, the cell attachment occurs via biomolecules,
most commonly through integrins that are mobile nanometer-
scaled (812 nm) transmembrane molecules [22]. Since the
mechanism of cell response to the surface is based on pro-
teins adsorbed on the surface, cell membrane receptors, and
cytoskeleton molecules which are all in the nanometer scale,
nanoscale topography might influence surface-specific biolog-
ical responses such as cell activities [23], [24]. Plasma-based
methods can initiate structural topographies on surfaces either
by coating processes or by etching processes. In order to
investigate the generation of nanotopographies on the studied
polymeric surfaces, AFM measurements of plasma-treated PS
were performed. Fig. 4 shows 2-D and 3-D images of PS (BD)
[Fig. 4(a)], PS exposed to Ar [Fig. 4(b)] and Ar/O jet plasma
[Fig. 4(c)], and PPCgFg-coated PS [Fig. 4(d)], respectively.
AFM images of the other PS substrates are not shown be-
cause no remarkable changes in the surface topography were
observed.

The surface topography of PS (BD) exhibited an irregular
structure composed of grooves and walls due to manufacturing
processes. After Ar-plasma-jet exposure [Fig. 4(b)], the struc-
ture of the pristine PS was still retained, but a few surface
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Fig. 5. Arithmetic roughness (R,) and root-mean-square (Rrms) roughness
(mean + SD, n = 5) obtained from an area of 10 ym x 10 pm.

grains with a dimension of several nanometers were distributed
over the entire surface. Ar/Os-jet-plasma treatment [Fig. 4(c)]
resulted in a spikelike structure displaying surface grains of
7-10 nm in diameter and an averaged height of 22 nm. The
appearance of these grains can be explained by considering
that Ar/O4 plasmas have a strong etching capability due to the
generation of reactive oxygen species owing to the dissociation
of oxygen molecules in the gas discharge [25]. Fig. 4(d) shows
the surface texture of PS after PPC¢3F¢ thin-film deposition.
The surface appeared highly grainy with typical grain sizes
of 30-100 nm in height and diameters of a few hundreds
of nanometers. However, in Fig. 5, the surface roughness
parameters, arithmetic roughness (R,,), and root-mean-square
roughness (R.ys) of the different PS substrates are depicted.
R, is the arithmetic average of the height of peaks and depth
of valleys from the center plane, whereas R, is defined as the
SD of the height values relative to the mean line [26].

Although the surface topography of PS, treated by low-
pressure plasma, exhibited the same surface texture com-
pared to PS (BD), slight changes in the surface roughness
were observed. In particular, Fig. 5 shows increased R, and
R.ms values for the mentioned PS substrates, particularly
on the PPAAm-coated surface. The PS surfaces exposed to
atmospheric-pressure plasma showed different results. Whereas
the roughness of the Ar-jet-plasma-treated PS is reduced, the
R, and R, values of PS exposed to Ar/O- jet plasma were
increased, which is based on the formation of the grainlike
structure. The surface roughness of the reference TCPS was
similar to PS (BD), and those of Primaria were similar to
the Ar-jet-plasma-treated PS. The highest surface roughness
was determined for the negative control (PPCgFg-coated PS)
with roughness values of R, = 14.1 nm £ 0.2 nm and R, =
18.1 nm £ 0.2 nm, respectively. Briefly, the roughness of the
PS substrates varied between 1.6 and 2.4 nm for R, and 2.25
and 3.3 nm for R,s, respectively (excluding PPC¢Fg-coated
PS). Furthermore, since the surface features created on Ar/Os-
jet-plasma-treated PS are in the range of 7-10 nm in diameter
and 22 nm in height, it is most unlikely that these structures
diminish cell attachment [22].
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Fig. 6.  Water contact angle (mean £+ SD, n = 10). Comparison of differ-
ently treated PS wafers.

Moreover, the influence of the chemistry of the substrate is
certainly of high importance for cell adhesion and proliferation.
For instance, many scientists pointed out that, in vitro, the
adhesion of cells was favored on moderate to highly hydrophilic
substrates [16], [21]. However, changes in the surface chemistry
can be easily detected by contact angle measurements and by
the determination of the surface energy. In Fig. 6, the wettability
of the studied polymeric substrates is displayed.

It can be observed that PS (BD) is a poor wettable, i.e.,
slightly hydrophobic, surface, whereas plasma-treated surfaces
as well as the reference surfaces exhibited hydrophilic prop-
erties. Additionally, the negative control (PPCgFg-coated PS)
showed an increased water contact angle since fluorocarbons
are considered as being one of the most hydrophobic molecules.
A strongly hydrophilic character was determined for PS ex-
posed to Oy MW plasma as well as for PS treated by Ar/O,
jet plasma.

Changes in the wettability are commonly related to changes
in the surface energy. Complementary to the water contact
angles, surface free energy on the references as well as on
plasma-treated PS samples was examined. Fig. 7 shows the
change of the total surface energy and of its polar and dispersive
components.

The hydrocarbon chain in the PS backbone results in a high
portion of dispersive component because dipole moments are
absent in alkyl chains. Hence, PS (BD) showed a high amount
of the dispersive component, whereas the polar component was
lower. A strong increase in the surface energy was evident after
plasma treatment in comparison to PS (BD). Only the negative
control showed a significant decrease of the surface energy
according to the hydrophobic surface. For PS (BD), a surface
energy of 35 mN/m was estimated with only 6 mN/m polar
components and a dispersive content of 29 mN/m. The results
showed that the increase in surface energy was primarily due
to the polar component increase on plasma-treated substrates.
The dispersive component was found to decrease after plasma
treatment or remained unchanged for PPAAm-coated PS and
for the reference TCPS. According to the high wettability of O,
MW-plasma- and Ar/Os-jet-plasma-treated PS, the polar com-

Fig. 7. Surface energy and its components of the modified PS surfaces
(mean = SD,n = 3).

TABLE 1
ELEMENTAL SURFACE COMPOSITION (IN ATOMIC PERCENT) OF THE
PS SURFACES DETERMINED BY XPS (Mean + SD,n = 3)

C [8) N F o/C N/C F/C
PS@BD) 984+03 1.6+0.3 1.6+03
PPAAm 737+04 2703 23.6=03 3.8+£04 320+0.5

NH3 91.9+02 4+03 4.1x02 44+03 44+02

O,MW 785%0.2 205+02 1x0.1 26103 1.3+02

Ar Jet 88.1+£09 11.5+0.7 04+04 13.2+£0.9

Ar/OJet 858+1.6 142+15 16.7+1.5

PPCeFs  53.9+06 1.5+0.2 44.6=0.7 2.8+0.3 82.8+2.1
TCPS 90.4+05 9.6+0.5 10.7+0.7

83.9+05 11.6+02 45+03 13.8+0.3 54+04

Primaria

ponent was highest on these surfaces. The very hydrophobic
PPC¢Fg-coated surface exhibited a surface energy of 1.1 mN/m
including a dispersive content of 0.2 mN/m. The introduction
of functional groups resulted in the formation of dipoles at
the surface which, in turn, increased the polar component and,
hence, the surface energy.

Consequently, it is well known that, along with changes in
the wettability and the surface energy, the elemental surface
composition is altered, too, which is indicated by the increase of
the polar moieties. Hence, XPS has been employed to charac-
terize the elemental surface composition of the PS substrates.
In Table I, the relative amount of each element detected at
the surfaces, namely, carbon (C), nitrogen (N), oxygen (O),
and fluorine (F), as well as the element ratios are listed. The
results revealed that the surfaces undergo substantial changes
by plasma treatment.

Since atomic oxygen produced by the gas discharges is
extremely reactive to hydrocarbons, Table I shows that higher
surface atomic oxygen contents are generally observed after
plasma treatment, whereas PS (BD) contained only traces
of oxygen. Furthermore, on substrates exposed to nitrogen-
containing plasmas, an increase in the N/C ratio was detected,
due to the incorporation of nitrogen, with the highest N/C ratio
of 32% for PPAAm-coated PS. TCPS showed an O/C ratio of
10.7%; Primaria showed an O/C ratio of 13.8% and, further,
an N/C ratio of 5.4%, respectively. The highest O/C ratio
was detected for O MW (26.1%) and for Ar/Os-jet-plasma
(16.7%)-treated PS, which corresponds to the determined
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Fig. 8. High-resolution C Is spectra. (a) PS (BD), (b) O MW-plasma-treated
PS, (c) PPAAm-coated PS, and (d) NH3-plasma-treated PS.

highly increased surface energy. Additionally to oxygen, small
amounts of nitrogen (< 1%) were detected on Oy MW- and
Ar-jet-plasma-treated PS surfaces, which is probably based on
postplasma reactions of low-pressure-plasma-treated substrates
during air contact after plasma processing and admixing of
ambient air during exposure to atmospheric-pressure plasma,
respectively [20]. For ammonia-plasma-treated PS, the O/C and
N/C ratios were almost equal. However, a part of the detected
nitrogen belongs to amino groups which can be estimated by
using TFBA. The results obtained by this derivatization tech-
nique indicated a primary amino group density, —NHy/C, of
3.28 £ 0.08% for PPAAm-coated PS, 1.33 4 0.06% for NH;3-
plasma-treated PS, and 0.21 + 0.02% for Primaria, respectively.
As previously reported, these positively charged amino groups
could play an important role to accelerate the initial adhesion
of osteoblastic cells [11].

Fig. 8 shows the high-resolution XPS C Is spectra of se-
lected PS substrates [PS (BD) (a), O MW-plasma-treated PS
(b), PPAAm-coated PS (c), and NH3-plasma-treated PS (d)]
which verify the existence of different oxygen-containing and
nitrogen-containing bonds. The highly resolved measured C
Is spectrum of PS (BD) was deconvoluted into four com-
ponents which were assigned to C—C,om (BE: 284.6 eV),
C—Caiipn/C—H (BE: 285.0 eV), C-O (BE: 286.5 V), and the
shake-up m — 7" (BE: 291.7 eV). Depending on the applied
plasma process, further components appeared, attributed to
C-N (BE: 285.7 eV), C=0 (BE: 288.0 eV), O—C=0 (BE:
289.4 eV), and OC(=0)O (BE: 290.3 eV). On the PPAAm-
coated PS, the components of pristine PS (BD) vanished,
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TABLE 1I
PERCENTAGES (IN PERCENT) OF BONDING COMPONENTS IN
DECONVOLUTED HIGH-RESOLUTION C 1S SPECTRA

C-Cyrom C-Caypn C-N C-0  C=0 0-C=0 OC(=0)0 w-n*

284.6 eV 285.0 eV 286.0 eV 286.5 eV 287.8 eV 289.3 eV 290.3 eV 291.7eV
PSBD) 577 346 1.8 5.9
NH; 304 533 72 41 21 29
0, MW 220 46.8 8.8 10.0 63 3.4 2.7
Ar Jet 355 479 53 31 1.9 2.8 3.6
Ar/OyJet 335 458 57 42 2.5 4.8 3.5
TCPS 38.8 485 47 1.6 23 4.1
Primaria 31.1 46.1 48 72 4.7 29 32

C-Cupn  C-N  C-0,C=N N-C=0

285.0 eV 286.0 eV 286.8 eV 288.1 eV
PPAAm 475 254 233 3.8

C-Cupn C-CF CF CF, CF; OCF;

285.0 eV 286.4 eV 288.5 eV 290.8 eV 293.2 eV 204.5 eV
PPC¢Fs 3.1 297 403 193 55 2.1

and the following components were determined: C-N (BE:
286.0 eV), C=N, C-O (BE: 286.8 eV), and N-C=0
(BE: 288.0 eV).

Consequently, the highly resolved C 1s peaks showed drastic
changes of the bond relations at the surfaces after plasma
exposure. Furthermore, due to plasma processes, the number of
oxygen-containing and nitrogen-containing functional groups
on the surfaces was increased. The relative abundance of these
components, obtained from curve fitting, of all samples is
summarized in Table II.

Table II exhibits that the plasma processes resulted in the
opening of the benzene ring and hydrogen abstraction accom-
panied with the formation of oxygen and/or nitrogen bonds.
Therefore, percentage decrease in aromatic C—C bonds and
m — 7" shake-up components were determined, whereas a per-
centage increase of the aliphatic C—C bonds and of polar groups
was observed. According to the elemental compositions, high
percentages of different oxygen-containing functional groups
were found for Oy MW-plasma-treated and Ar/O5-jet-plasma-
treated PS. In particular, the formation of hydroxyls (C-OH),
ketones/aldehydes (C=0), carboxylic groups (O—C=0), and
carbonates (OC(=0)0) was observed. Carboxylic groups have
a strong nucleophilic character which, in turn, results in a
high chemical reactivity. Moreover, the creation of oxygen-
containing functionalities may implicate a negatively charged
surface [28]. The deconvolution of the highly resolved C Is
spectra for NHj-plasma-treated PS yielded nitrogen(C-N)-
and oxygen (C-O and C=0)-related functionalization. The C
1s peak of PPAAm-coated PS was dominated by aliphatic
C—C bonds and nitrogen-containing groups assigned to amines
(C-N), imines (C=N), and amides (N—C=0). It is most likely
that the presence of nitrogen-containing groups, particularly
amino groups, results in a positively charged surface [12],
[28]. In terms of the enhanced surface energy of the plasma-
modified surfaces, it is evident that the increase in the po-
lar component is based on the formation of oxygen- and
nitrogen-containing functional groups. Furthermore, it may be
assumed that the polar component of oxygen-containing sur-
faces (O MW and Ar/Oz-jet-plasma-treated PS) is higher com-
pared to nitrogen-containing surfaces (PPAAm-coated PS and
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Fig. 9. Metabolic activity of MG-63 after 24 h of cultivation on PS, which
was treated with different plasma sources. The absorbance of the control [PS
(BD)] was set to 100%. Results are expressed as means + SD (n = 3).
t-test: *p < 0.05 versus PS (BD). Note that a reduction of approximately 20%
was obtained on PPCgFg-coated PS, compared to cells grown on PS (BD).

NH;s-plasma-treated PS) since oxygen functionalities are highly
polar. Owing to the reduced presence of polar functionalities on
the fluorinated PS surface (PPCgFg-coated PS), the amount of
the polar component in the surface energy was minute.

Deduced from the analysis of the physicochemical properties
of the studied PS substrates, it can be assumed that the creation
of different functional groups influences cell attachment and
cell proliferation in many ways. Therefore, MG-63 osteoblastic
cells were used to investigate this assumption in detail and to
figure out which surface features are more important for cell
growth.

The biocompatibility of the PS samples was evaluated
by using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay and cell spreading studies.
The cell viability for each of the materials by performing an
MTT assay 24 h after the cells were seeded on the differently
treated samples is shown in Fig. 9. The MTT assay is a widely
used procedure to measure metabolically cells to validate
the biofunctionality of materials [29]. The yellow tetrazole
(MTT) is metabolized (reduced) to purple formazan salt by
mitochondrial enzymes in living cells. The assay detects only
living cells, and the absorbance is proportional to the number
of viable cells. The MTT assay was evaluated as percent
absorbance compared to PS (BD) (p < 0.05).

As can be seen in Fig. 9, almost all substrates showed
no cytotoxic effects with the exception of PPCgFg-coated PS
where the cell viability was significantly lower compared to
PS (BD). Hence, considering the determined surface charac-
teristics, the observed MTT assay data for PPCgFg-coated PS
indicated a correlation between the physicochemical surface
properties and the metabolic activity. More precisely, the non-
polar character of this hydrophobic surface as well as the
absence of polar oxygen- or nitrogen-containing functionalities
resulted in a decrease in cell viability. Hence, the PPCgzFg
coating exhibited detrimental effects on the metabolic activity
of osteoblastic cells. However, a slightly but still significantly
enhanced metabolic activity was observed for PPAAm-coated
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Fig. 10. Spreading of MG-63 osteoblasts after 1 and 24 h of cultivation on
PS. Results are expressed as means £+ SD(n = 40). One-way ANOVA post
hoc Bonferroni: *p < 0.05 versus PS (BD). Note that a coating with PPCgFg
caused an approximately one-third smaller cell area after 24 h, compared to
cells grown on PS (BD).

PS, Ar-jet-plasma-treated PS, and Primaria in comparison to PS
(BD). The cell viability of ammonia-plasma-treated and of O4
MW-plasma-treated PS was reduced, but the differences were
not statistically significant. Deduced from the results, it can be
concluded that the plasma-modified PS substrates were able to
promote the early proliferation of MG-63 cells except for the
negative control (PPCgFg-coated PS).

The cell spreading behavior of the osteoblastic cells on the
differently plasma treated PS substrates was microscopically
examined after 1 and 24 h of cultivation. The estimated cell
area for each surface is shown in Fig. 10. Analysis of variance
(ANOVA) was applied to evaluate differences in cell area
related to PS (BD) (p < 0.05).

After 1 h of cultivation, a significantly higher cell area was
detected for ammonia-plasma-treated (893 m?) PS, PPAAm-
coated (882 um?) PS, and Primaria (740 m?) relative to PS
(BD) (533 um?). Concerning the examined physicochemical
properties, it can be assumed that a quite hydrophilic surface
is not decisive for cell spreading since the contact angles
of these surfaces were found to be around 50°, whereas the
most wettable surfaces having contact angles below 5° (Os-
MW-plasma-treated and Ar/Os-plasma-treated PS) exhibited
no significant increase in cell area after 1 h. Furthermore, the
order of magnitude of the polar component was similar for
ammonia-plasma-treated PS, PPAAm-coated PS, and Primaria,
respectively. Deduced from these results and considering the
elemental composition of these surfaces, it can be concluded
that nitrogen-containing functional groups and, thus, a proba-
bly positively charged surface resulted in an improved initial
spreading of MG-63 cells within 1 h. However, compared to
the area of cells grown on PS (BD) (534 um?), Ar (672 pm?)-
as well as Ar/O, (568 pum?)-jet-plasma-treated surfaces and
TCPS (667 um?) exhibited a marginally increased cell area. A
slight decrease in cell area was observed on PPCgFg-coated PS
(378 um?) after 1 h in relation to PS (BD). After 24 h of cultiva-
tion, different results were obtained. Ammonia-plasma-treated
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PS still showed the highest cell area (2593 pum?) relative to
PS (BD) (1549 um?), but also, for samples exposed to O
MW plasma (2468 pm?) and Ar jet plasma (2307 um?), a
remarkable and significant increase in cell area was obtained.
Furthermore, the cell areas were significantly increased for
Ar/O5-plasma-treated PS (2194 ym?), TCPS (2135 pm?), and
Primaria (2067 ,umg), too, but not as distinct as compared
to those mentioned earlier. Interestingly, the PPAAm-coated
surface exhibited no significantly increased cell area after 24 h
compared to PS (BD). Since, on the PPAAm-coated surface,
the O/C ratio was lower compared to the ones of the other
plasma-treated surfaces, it can be assumed that, for the initial
growth of osteoblastic cells, nitrogen-containing functionalities
probably support cell spreading, whereas afterward, oxygen-
containing functionalities lead to an additional enhancement
in cell spreading. Apparently, the surfaces with increased O/C
ratio and a certain level of oxygen functionalities supported cell
growth. Therefore, the ammonia-plasma-treated PS surface ex-
hibited enhanced cell spreading due to the presence of oxygen-
and nitrogen-containing functional groups. Which one of the
surface functional groups is the most effective in influencing
cell-surface interaction is difficult to assess as the chemistry
on the surface is very complex, and furthermore, cell response
strongly depends on the type of cells, too [9], [30]. Until now,
no specific mechanism of cell attachment can be attributed to
only one functional group although, in the literature, a differ-
ent dependence of cell proliferation on functional groups was
proposed [9]. For instance, different scientists have reported
enhanced cell performance with the formation of carboxyl
functional groups on surfaces [30], [31]. It is also reported that
an optimum cell growth of osteoblasts was obtained with a con-
centration of carboxylic groups (O=C—O0) less than 5% and,
further, that the effect of alcohol/ether functionalities (C-O)
is little [30], [32]. However, this is not in accordance to the
results presented in this contribution; e.g., on O, MW-plasma-
treated PS, the concentration of O=C—O groups was about 6%
which resulted in enhanced cell spreading compared to Ar/Os-
jet-plasma-treated PS with an O=C—O concentration of about
2.5%. Furthermore, Daw et al. postulated that, in the absence of
carboxylic groups, carbonyl groups (C=0) do not promote the
proliferation of osteoblastic cells [30]. This is a contradiction
to the data obtained for ammonia-plasma-treated PS which
exhibited the best cell proliferation results among the studied
material. First, no O=C—O groups were found on this surface,
and second, according to the assumption of Daw et al. that
C-O groups play a minor role in the cell growth of osteoblastic
cells, the obtained results would imply that nitrogen-containing
groups are the important functional groups for cell prolifera-
tion. However, this was not confirmed by the results received
for the PPAAm-coated PS surface. Hence, considering only
surfaces grafted with oxygen-containing functional groups, cell
proliferation almost correlated with increased O/C ratio and
a high level of surface oxygen functionalities. Hence, it can
be stated that the multifunctionality of the surface chemical
composition promotes cell proliferation. However, substantially
different data were obtained for PPCgFg-coated PS. The cell
area was significantly lower in relation to PS (BD) and, more-
over, remained within the range of cell area estimated after 1 h
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Fig. 11. Microscopic images of MG-63 cells grown for 24 h on PS. In
comparison to cells on nontreated PS (BD), cells on NH3-, O2 MW-, Ar-jet-
plasma-, and Ar/O2-jet-plasma-treated PS surfaces showed enhanced cell areas.
In compliance with the results of cell area measurements, cells on PPCgFg-
coated PS are not well spread after 24 h (bar = 25 pum; confocal microscopy
LSM 410).

of cultivation. In agreement to the decreased metabolic activity
of the osteoblastic cells, this result confirms the assumption that
the lack of polar functionalities led to an impairment of cell
growth and proliferation.

The different cell spreading behaviors of MG-63 cells on the
studied surfaces after 24 h of cultivation are shown in Fig. 11.
Furthermore, differences in cell morphology could be observed,
too.

MG-63 cells on plasma-treated substrates were well attached
and spread (excluding PPCgFg-coated PS). Moreover, a flat
configuration showing a spherical body with cellular extensions
in all directions on the samples was observed. In comparison
to PS (BD), the extent of cell spreading was quite increased
on plasma-modified surfaces. In contrast, cell spreading was
inhibited on PPCgFg-coated PS in 24 h. According to the
estimated cell area on this surface, it can be clearly noticed
that the surface properties of PPCgFg-coated PS affect the
interaction between cells and surface in an unfavorable way.
The cells showed a clumplike rounded morphology due to
very poor adherence. These results indicate that the PPCgFg
coating prevents the osteoblastic MG-63 cells from proper cell
function.

IV. CONCLUSION

Biocompatibility is of great importance for the design and
application of polymeric biomaterials. Hence, efforts have been
made for controlling the surface properties to improve cell
adhesion since cells can sense the physical properties and
chemical composition of surfaces and regulate their behavior.
The results in this study strongly suggest that the applied
plasma processes improved cell-surface interaction and, further,
that low-pressure plasma and atmospheric-pressure plasma are
equally effective in the improvement of cell attachment and
proliferation. The effect of different physicochemical surface
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properties, including wettability, surface energy, and chemical
functionalities, on osteoblastic cell (MG-63) behavior has been
examined, focusing on metabolic activity and cell spreading.
No relation has been found between surface roughness and cell
proliferation due to the relatively small increase in R, and R,
of all surfaces. Hence, differences in cellular response appeared
to be due to surface properties. When observing contact angle
and surface energy data in conjunction with XPS results, it
can be concluded that the reduction in the contact angle and
the increase in surface energy after plasma treatment (besides
PPC¢Fg-coated PS) were attributed to the incorporation of
oxygen and/or nitrogen into the surface. The analysis of the
surface energy has shown that there were little changes in the
dispersive component. In contrast, the polar component has
changed in all modification techniques and shown the highest
value on Oy MW- and Ar/Os-jet-plasma-treated PS according
to their highest O/C ratio. The major reason for the increase in
the polar component is the enhanced total oxygen and/or nitro-
gen content of the surface through introducing new functional
groups, namely, C—0O, C=0, O=C—0, C—N, and C=N, which
are highly polar. The results of the MTT assay have demon-
strated that cells on surfaces equipped with oxygen and/or
nitrogen functionalities showed a partly higher metabolic ac-
tivity compared to PS (BD). In contrast, the marginal cell
adhesion on PPCgFg-coated PS (negative control) has resulted
in a slight impairment in metabolic activity. The analysis of
cell spreading has exhibited that osteoblastic cells were able
to adhere easily and spread out faster on the plasma-modified
surfaces immediately after seeding (except for PPCgFg-coated
PS). Proliferation results have suggested that cells proliferated
with a significantly higher rate on surfaces with nitrogen-
containing functionalities after 1 h of cultivation compared to
the ones equipped with oxygen functional groups only, whereas
after 24 h of cultivation, cells on nitrogen-containing and on
oxygen-containing surfaces proliferated more readily on the
plasma-modified surfaces than on PS (BD). Since cells seeded
on PPAAm-coated PS have shown no significant increase in
cell area after 24 h of cultivation, it can be concluded that
both oxygen- and nitrogen-containing groups are important for
cell spreading. In contrast, MG-63 cells on the PPCgFg-coated
surface have revealed the inability of this hydrophobic surface
to support the growth in cell area. Consequently, surfaces char-
acterized by low wettability and surface energy as well as the
absence of polar functionalities have shown less favorable adhe-
sion conditions. Summarizing, a controlled modification of the
interface chemistry from insufficient biomolecule attachment
toward biocompatibility by different functionalities is beneficial
for the proper function of biorelevant surfaces. In terms of
the capability of nonthermal plasmas, atmospheric-pressure
plasma offers a prospective application in the improvement
of cell attachment and proliferation. Furthermore, plasma jets
are able to penetrate into small structures, such like cavities,
gaps, crevices, and tubes. Thus, even extremely small sized
and complex miniaturized structures as well as the interior
surfaces of small trenches can be treated by this plasma device.
That might be a specific advantage of plasma jets over, e.g.,
low-pressure plasmas. However, further studies are needed to
compare their potential to currently used plasma approaches.
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New Nonthermal Atmospheric-Pressure Plasma
Sources for Decontamination of Human Extremities

Klaus-Dieter Weltmann, Member;, IEEE, Katja Fricke, Manfred Stieber,
Ronny Brandenburg, Thomas von Woedtke, and Uta Schnabel

Abstract—The research and development of plasma sources,
which can be used for therapeutic applications in the new and
emerging field of plasma medicine, has gained more and more
interest during recent years. These applications require cold non-
thermal plasmas operating at atmospheric pressure. Due to the
fact that, in general, plasma on or in the human body is a challenge
both for medicine and plasma physics, basic research combining
experimental physical and biological investigation and modeling
is necessary to provide the required knowledge for therapeutic
applications. It turned out that each application needs a special
tailor-made plasma source, passing a minimum set of physical and
biological tests before it can be considered for medical use. In ad-
dition to atmospheric-pressure plasma jets, dielectric barrier dis-
charges offer great potential for a variety of medical indications.
A new 2-D and even 3-D acting plasma source is introduced, ex-
emplified for a possible decontamination of human extremities or
similar tasks. In contradiction to most of today’s existing plasma
sources with fixed electrodes and nozzles, the prototype uses flexi-
ble electrodes to automatically adapt the plasma under equal and
stable conditions to nearly all surface structures. First, physical
and biological investigations demonstrate the general potential
for therapeutic applications on preferably intact skin surfaces.

Index Terms—Atmospheric-pressure plasmas, plasma applica-
tions, plasma medicine, sterilization.

I. INTRODUCTION

EW possibilities for plasma applications in medicine have
Nopened up during recent years. Today, the number and
type of clinical placements that might be feasible in future
are significantly increasing, comparable to the launch of laser
technology into medicine years ago. The development of cold
plasma sources working at atmospheric pressure was the basis
for a new independent medical field, i.e., plasma medicine,
that is emerging worldwide. Its main focus, in addition to the
treatment of implants and the decontamination of heat-sensitive
medical devices, is the direct application of physical plasmas on
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or in the human or animal body. Regarding their potential for
biomedical applications, various plasma sources have been in-
vestigated such as the plasma needle [1], atmospheric-pressure
plasma plume [2], floating-electrode dielectric barrier discharge
(DBD) [3], microhollow cathode discharge air plasma jet [4],
several different plasma jets [5]-[8], and DBD [9]. The most
promising field in terms of scientific and economic impact
seems to be the plasma treatment of chronic wounds [10],
[11]. The reason for this is the successful combination of a
selective antimicrobial (antiseptic) effect, which does not dam-
age the surrounding tissue, with a well-controlled stimulation
of tissue regeneration. In addition, dental applications such as
the removal of biofilms, tissue engineering, tumor treatment
based on specific apoptotic processes, or the treatment of skin
diseases are promising fields. The plasma sources developed
and investigated here focus on infectious skin diseases.

II. MATERIALS AND METHODS
A. Plasma Sources

Most of the currently available plasma sources are in-
tended to be used for local treatment of small areas. Impor-
tant plasma parameters such as temperature, concentration of
reactive species, charged particles, and intensity of radiation
change with distance to the place the discharge is ignited,
usually the electrodes. Investigations in [12] have shown that
the results of the intended treatment depend very sensitively on
the combination of these parameters, and thus on the distance
to the treated object. Today, stable conditions are controlled by
fixed-distance holders [5], [13], which work accurately enough
as long as the surface is only slightly curved. To guarantee
well-defined treatment conditions for complex structured sur-
faces, other practicable solutions are needed. Therefore, several
plasma sources have been developed by the Leibniz Institute for
Plasma Science and Technology (INP Greifswald) that allow
the treatment of various curved surfaces such as infectious
skin diseases at tissue tolerable temperature. All these plasma
sources are based on the principle of surface DBD [14]-[16].
Figs. 1 and 2 display the electrode arrangement of the two
plasma sources used for the present investigations.

Plasma Array: Fig. 1 shows the array of single electrodes,
which are movable and independent from each other. This guar-
antees stable and safe treatment parameters even on complex
3-D geometries. In this case, the glass-covered pin electrodes
are connected with the high-voltage (HV) plug of the power
supply, whereas the surface to be treated serves as a grounded
electrode.

0093-3813/$31.00 © 2012 IEEE



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Plasma array

2—>

(a) (b) (c)

Fig. 1. Flexible electrode array arrangement (hereafter called the plasma
array): (a) schematic view of independent electrodes, (b) single electrode, and
(c) laboratory prototype with 6 x 6 electrodes (area of 9 cm?); (1) glass-
covered HV pin electrode, (2) electrical connection cable to the power supply,
(3) surface to be treated (grounded electrode), and (4) housing of the array
arrangement.

(b) (c)

Fig. 2. Functional principle of the plasma source ConPlas: (a) 3D-CAD
model, (b) schematic side view of the plasma handheld unit, and (c) plasma
unit of a laboratory prototype in operation; (1) isolated wires as HV electrodes,
(2) grounded electrode, (3) plasma, and (4) object to be treated.

Plasma Source ConPlas: The second plasma source used
for the investigations, as shown in Fig. 2, is labeled as the
registered brand name “Contacted Plasma” (ConPlas). This
type of plasma source combines the advantages of surface
DBD and plasma jet and is highly versatile concerning its
application for plasma surface treatment under atmospheric
conditions [17]. As shown in the schematic view in Fig. 2(b),
both types of electrodes (i.e., HV and grounded electrodes) are
component parts of the plasma source itself. Hence, in contrast
to the electrode array arrangement in Fig. 1, the treated object
is not integrated in the electrode arrangement, and thus, it is
not influencing the discharge by its stray capacitance values. In
the present case, a handheld type of the ConPlas device with a
changeable treatment unit is applied.

If the treated surface completely consists of flexible materials
[14], this plasma source is suitable for the treatment of various
curved shapes similar as the array arrangement in Fig. 1.

IEEE TRANSACTIONS ON PLASMA SCIENCE

Fig. 3. Experimental setup with plasma array: (1) laboratory prototype of
plasma array with 6 x 6 electrodes, (2) adjustable adapter between plasma
array and sample holder, (3) plasma, (4) and (5) magnified views of the glass-
covered HV pin electrodes, (6) gas nozzles for additional mixing of argon (Ar),
and (7) plastic sheet placed on the grounded electrode.

B. Experimental Arrangement

Treatment With Plasma Array: Fig. 3 shows the experimen-
tal setup for inactivation of bacteria and yeast by treatment
of microbially contaminated plastic sheets (PET: polyethylene
terephthalate) by using the plasma array.

For plasma operation, an HV pulse generator RUP3-7bip
(GBS Elektronik GmbH, Germany) is used. The fast HV MOS-
FET switching module “HTS 161-06-GSM” (Behlke Power
Electronics GmbH) is incorporated in that device in order to
generate square-wave pulses in the range up to 15-kV peak-
to-peak voltage Up,. This HV pulse generator operates with
a broad range of load capacitance (50 pF-1 nF). Rise and
decay times are on the order of 100-200 ns, dependent on
voltage and load capacitance. The pulse parameters (i.e., fre-
quency, pulsewidth, and amplitude) are freely adjustable in a
wide range. In this case, the process conditions of the plasma
treatment are characterized, on the one hand, by electrical
power P, pulse parameter frequency f, and peak-to-peak volt-
age U,p, and on the other hand, by the process gas and the
treatment time.

Treatment With ConPlas: Fig. 4 exhibits the experimental
setup for the plasma treatment of bacteria-inoculated agar plates
with a handheld type of a ConPlas device with an interchange-
able treatment unit.

The HV power supply of the handheld ConPlas device is
placed in the handheld part (see 1 in Fig. 4). The HV is
generated by a line transformer from the amplified sine-wave
signal of a signal generator. The process conditions of the
plasma treatment are characterized by the electrical parameters
such as peak-to-peak value voltage Uy, frequency f of the
applied sinusoidal HV, and electrical power P. The electrical
power was determined by the method of the voltage—charge
Lissajous figure, as described in [12].

C. Temperature Measurements

Temperature is one of the most critical parameters regarding
medical applications. To avoid thermal influences on the skin
surface, a maximum temperature of 40 °C should not be ex-
ceeded. The surface temperature of the sample material, close
to the plasma source during the plasma treatment, has been
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(b) (d)

Fig. 4. Experimental setup with ConPlas handheld laboratory prototype:
(a) complete treatment unit, (b) and (c) parts of the handheld laboratory
prototype separated from one another in different views, and (d) plasma
unit in operation; (1) handheld part with incorporated HV power supply,
(2) interchangeable plasma unit, (3) adjustable adapter between plasma unit
and sample holder, and (4) plasma unit in operation.

measured by the fiber-optic temperature sensor “FOTEMP”
(Optocon AG). The FOTEMP instrument enables failure-free
measurements of temperatures in the range of 0 °C to 300 °C
under the influence of electromagnetic fields caused by plasma
sources.

D. Microbiological Tests

For microbiological experiments, Escherichia coli (E. coli)
K-12 (NCTC 10538), Staphylococcus aureus (S. aureus; ATCC
6538), and Candida albicans (C. albicans; ATCC 10231) were
used. Bacteria and yeast were obtained from the Leibniz Insti-
tute DSMZ - German Collection of Microorganisms and Cell
Culture. For the investigations, two different specimens were
used. Plastic sheets (25 cm?) were treated with the plasma
array and petri dishes (diameter of 90 mm) with the ConPlas
source. The sheets were inoculated, centered on an area of
2 ¢cm? by pipetting, and dried under aseptic conditions. The
recovery of microorganisms on the sheets was realized by
using the surface-spread-plate count method with tryptic soy
agar plates. The sheets were shaken in tryptic soy broth for
15 min before. The detection limit of this procedure was
100 colony-forming units per milliliter (cfu-mL™!). In case
the number of microorganisms fell below the detection limit,
i.e., no viable microorganisms have been found, these values
are set at 1.5 in the graphs. The petri dishes were filled with
20-mL CASO agar (Merck, Darmstadt, Germany), resulting in
a constant agar surface area of 63.6 cm?. Overnight cultures
of S. aureus were diluted using a physiological saline solution
(0.85% NaCl) to obtain concentrations of 107 —10% cfu - mL ™.
The agar plates were inoculated with the bacteria suspension
under aseptic conditions using dilutions ranging from 1:1 to
1:1000000. In addition, 100 L of bacteria suspension of the
respective solution have been plated on each agar plate.

The number of viable S. aureus on the agar surface (in cfu -
cm~2) was estimated by manually counting the grown colonies
on each agar plate after overnight incubation at 35 °C-37 °C.
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Fig. 5. Temperature—time curves for the plasma source ConPlas: Treatment
time is 5 min in pulse operation (on time is 1 s; off time is 2 s); Upp = 10 kV;
f =11kHz, and P = 4 and 5 W. For longer treatment times, the curves were
extrapolated. (T1) Surface temperature of the treated object at a distance of
3 mm from the plasma source. (T2) Surface temperature of the HV electrodes.

Colony counting was performed on a defined circular area of
22.57 cm? in the center of the agar plate, only, to exclude
nontreated colonies. According to manual counting, a maxi-
mum number of 350 colonies were countable on the counted
area of 22.57 cm?. Consequently, the upper detection limit was
at 15 cfu - cm~2. Because the minimum number of countable
colonies on the counted area of 22.57 cm? was 1, the lower
detection limit was 0.04 cfu - cm™2.

Logarithmic reduction factors (IgR) were calculated as the
differences of number of viable microorganisms on nontreated
references (No; cfu - cm~2) and countable plasma-treated sam-
ples (N,;cfu - cm™2?)

IgR =1gNy — IgN,. (1)

Inactivation kinetics of microorganisms were depicted in
semilogarithmic plots. In case the number of cfu fell below the
detection limit, i.e., no colonies have been found, these values
are set at —1.35 for clearness sake.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Results of Temperature Measurements

In the case of the plasma source array, the maximum value
of the temperature close to the electrodes was approximately
28 °C, measured after 10 min. The electrodes were in direct
contact to the treated plastic sheets.

For the tests with the plasma source ConPlas, temperature—
time curves were measured. Fig. 5 exhibits the surface temper-
ature curves of the ConPlas source depending on the treatment
time, which were measured directly on the electrodes and the
treated object (agar plates), respectively. As shown, with longer
treatment times, the linear temperature increase continued.
Therefore, an adaptation in pulse operation (e.g., by increasing
the off time) is necessary to reduce the temperature on the
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Fig. 6. Inactivation of E. coli, S. aureus, and C. albicans on plastic sheets as a

result of treatment by the plasma array; Upp = 10 kV, and f = 4 kHz. (mean
4+ SD, n = 3, each) The upper graphics show the inactivation curves of air
treatment, and the lower graphics show those of air and argon treatment.

substrate surface. However, critical temperatures that might
initiate thermal damage were not reached within treatment
times.

Deduced from the temperature measurements, it was demon-
strated that the applied plasma devices operate in a moder-
ate temperature range without exceeding critical temperatures
that might initiate thermal damage. Consequently, the plasma
sources can be used for the treatment of human skin.

B. Inactivation of Bacteria and Yeast by the Plasma Array

To investigate the antimicrobial efficacy of the plasma array,
E. coli, S. aureus, and C. albicans were chosen as possible
colonizers of skin and wounds. In Fig. 6, the survival curves
for all studied microorganisms depended on plasma treatment
times, and different gas compositions (air and air + argon)
are shown. It can be observed that the inactivation of E. coli
bacteria rapidly decreased for each gas composition. After
1-min treatment time, a reduction of > 4.5 log, was reached.
Unlike E. coli, the inactivation of S. aureus, obtained at the
same operating conditions, exhibited lower inactivation rates.
The exposure of this bacterium to the plasma up to 10 min led
to a maximum inactivation of 2.2 log,,. Furthermore, a lower
lethal effect was also observed for the inactivation curves of
C. albicans compared with those of E. coli and S. aureus. A
maximum reduction of 2 log; by air plasma and of 1.4 log;,
by air with argon plasma treatment was detected. The admixture
of argon did not strengthen the bactericidal effect, and fur-
thermore, only minor differences in terms of gas composition
were observed. The immediate lethal effect of plasma might
be due to the point that most reactive species are generated in
the first seconds of plasma ignition and can react with species
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of surrounding air. Furthermore, because of the high initial
concentrations of bacteria and fungi, the shielding effects of
stacked microorganisms cannot be excluded.

Generally, plasma generates numerous active components
that are considered to be responsible for the inactivation of
microorganisms. Plasma components with antimicrobial ef-
fects are heat, VUV/UV radiation, radicals (reactive oxygen
and reactive nitrogen species), and ions [18]-[21]. In the
present investigations, heat as an antimicrobial component can
be excluded, which was confirmed by temperature measure-
ments. Hence, radicals such as oxygen (O3 ,0), hydroxyl
(OH'), nitrogen monoxide (NO), nitrogen dioxide (NO),
and ozone (Os) play a major role for the inactivation of
microorganisms.

Three different mechanisms may lead to microbial inacti-
vation: 1) deterioration of the cell membranes’ integrity by
oxidation of unsaturated fatty acids of the membrane lipids;
2) oxidation of integrated membrane proteins of the double
lipid layer; and 3) oxidation of deoxyribonucleic acid molecules
[22]. Therefore, concerning plasma treatments, the main tar-
gets of microorganisms are the membrane lipids, which, in
turn, probably explain the higher bactericidal effects of plasma
on Gram negative bacteria. Due to their cell membrane struc-
ture, Gram negative bacteria are more susceptible to plasma
than Gram positive bacteria, fungi, and spores. Damages of
the outer membrane and, thus, cell lysis rapidly occurred for
the Gram negative bacterium E. coli. [22], [23]. Gram positive
bacteria such as S. aureus and Bacillus subtilis showed no
detectable morphological changes in the same treatment time.
Longer treatment times were necessary to observe changes in
cell membranes and cell breakage [22], [24].

Similar observations were done in our experiments. E. coli
showed much higher inactivation than S. aureus and C. albicans
did. By analogical conclusion, the aforementioned inactivation
mechanisms may be the reason for observed effects, taking the
inactivation kinetics into account. However, further investiga-
tions of plasma and microorganisms are necessary to get deeper
insights into inactivation mechanisms.

C. ConPlas Treatment of Staphylococcus Aureus

The electrode arrangement of the used ConPlas setup has
an area of 4 x 5 cm?. Consequently, a simultaneous effective
plasma treatment of an area of about 20 cm? can be realized
where the treatment time can be continuously varied. The
treatment of bacteria-inoculated agar plates resulted in time-
dependent inactivation, which can be observed in Figs. 7 and 8.
As shown in Fig. 7, more than 4 log,, reduction of S. aureus
was estimated after 60-s plasma treatment. Furthermore, an en-
hanced decline of the number of viable microorganisms within
120-s plasma exposure can be observed. After 540-s plasma
treatment, only few viable microorganisms were detectable.
The intensity of the reduction is dependent on the initial
concentration and treatment time, which is depicted in Fig. 7
too. The observed dilution dependence of the inactivation may
be a dosage effect due to the same concentration of radicals,
but fewer counts of bacteria and fungi. However, a commonly
accepted unit for a plasma dosage does not exist. The different
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Fig. 7. Inactivation kinetics of S. aureus on agar plates as a result of ConPlas
treatment (in air); Upp = 10 kV, f = 11 kHz, and P =4 and 5 W. (mean
+ SD, n = 3, each) Detection limits are set at the level of count limits, as
described above. The upper detection limit is at the logarithm of 15 cfu - cm~2,

and the lower one is at the logarithm of 0.04 cfu - cm—2.
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Fig. 8. Exemplary pictures of S. aureus-inoculated and ConPlas-treated
agar plates. For nontreated agar plates (reference), dilutions from 1:100 to
1:1000 000 are shown, and for treated agar plates, dilutions 1: 100 and 1 : 1000
are shown. Black-surrounded area was counted only (22.57 cm?).

kinds of plasma (e.g., thermal, nonthermal, atmospheric, and
low pressure), plasma setups, and therefore, the produced cock-
tails of reactive species, radiation, ions, and molecules make it
difficult to define a common unit [25]. The order of magnitude
of microbial inactivation is comparable but depends on the
investigated microorganism and environment (e.g., substrate
and humidity). For special applications, a plasma dosage may
be defined, as it was done for corona discharge treatments of
synthetic materials in industrial applications [26]. It might be
also possible that higher microbial concentrations implicate
physical shielding by stacked microorganisms resulting in the
formation of multiple layers, which hinder complete penetra-
tion of radicals [25].

However, Fig. 8 illustrates an exemplary sequence of
S. aureus on agar plates after 60-, 120-, and 540-s plasma
treatments for dilutions of 1:100 and 1:1000, respectively.
For comparison, nontreated agar plates (labeled as reference)
are depicted also. The black-rimmed areas show the results
of impinging plasma species leading to a remarkable decrease

Fig. 9. Demonstration test: Plasma treatment of human extremity model with
plasma source array; (1) glass-covered HV pin electrodes and (2) plasma.

(@)

(b)

Fig. 10. Demonstration test: plasma treatment of human extremities with
a small-sized plasma source ConPlas, integrated in a sticking plaster.
(a) Schematic view: (1) sticking plaster, (2) gaze made from an electrically
conductive material as the grounded electrode, (3) electrical connection cable
to the ground, and (4) isolated wire as an HV electrode. (b) Test arrangement.
(c) Demonstration of an application example: plasma treatment of a human
hand model.

in cfu even after 60-s plasma exposure. Furthermore, the agar
plates, plasma-treated for 60 and 120 s, exhibited nontreated
regions according to the geometrical confinements of the used
plasma device. In contrast, agar plates exposed to plasma for
540 s showed a homogenous inactivation of S. aureus over the
entire agar plates. Observed broadening of the plasma-affected
area may result from the radial diffusion of plasma-generated
reactive in or on the agar.

Owing to their low temperatures and their capability of inac-
tivating microorganisms, the developed and investigated plasma
devices can be applied for medical purposes. The images in
Figs. 9 and 10 demonstrate the possibilities of these plasma
sources for medical applications, particularly the plasma treat-
ment of human extremities. However, these are still models, and
they only provide possible applications. The studies to human
skin have not been completed yet and are still under research.
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IV. CONCLUSION

The possible application of two novel nonthermal plasmas
sources for the treatment of human extremities has been in
focus. The approached plasma sources are well adaptable on
complex structure objects and have shown an antimicrobial
activity on various microorganisms. The in vitro testing of
microorganisms alone showed promising results. Plasma pa-
rameters and composition and, thus, antimicrobial effects can
be controlled by operation parameters and gas.
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